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Copper zinc tin sulfide (Cu2ZnSnS4, abbr. CZTS) has attracted considerable 
attention as a promising absorber in solar cells. CZTS has been prepared by using 
various physical vacuum methods and solution-based methods. In physical vacuum 
methods, expensive high vacuum technology and high annealing temperatures (above 
500°C) are used. The solution-based methods avoid the above drawbacks, but they are 
also not ideal for preparing CZTS due to the presence of secondary phases in CZTS. 
From the economic and environmental respects, simple and cost-effective methods 
are preferable to prepare single phase CZTS. It is also reported that constraints exist 
on forming stoichiometric CZTS without binary and ternary second phases. In this 
work, two simple and cost-effective methods are proposed to prepare CZTS. One 
method is solid-state reaction of nanocrystalline binary sulfides (CuS, ZnS, and SnS) 
in sulfur environment. Another method is a mechanochemical process (MCP) through 
ball milling of Cu, Zn, Sn, and S. These two methods are found possible to achieve 
CZTS, and single phase CZTS can also be obtained under certain experimental 
conditions. Furthermore, this work also demonstrates that CZTS can be used as an 
inorganic stable absorber in a TiO2 solar cell. 
Nanocrystalline CuS, ZnS, and SnS as CZTS precursors were achieved after a 
systematic study and the finding of suitable experimental conditions of chemical bath 
 vii 
deposition. Using solid-state reaction from annealing the mixture of nanocrystalline 
binary sulfides, single phase CZTS was successfully prepared, and CZTS could be 
formed at a low temperature of even 300°C, significantly lower than the temperature 
in other methods, possibly due to the high entropy of precursor nanocrystallites. The 
influence of annealing temperature on properties of CZTS was investigated. Typically, 
the CZTS prepared at 450°C had best photosensitivity and exhibited a direct optical 
band gap of 1.47 eV, p-type conduction, and a resistivity of 1.06 Ωcm. A photovoltaic 
cell based on CZTS/TiO2 exhibited photovoltaic behavior, which demonstrated the 
possibility in using stable CZTS to replace degradable dye in a TiO2 solar cell.  
Although the above method and existing methods reported in literature can 
fabricate CZTS. It is not clear whether it is possible to succeed in fabricating CZTS 
directly from cheap Cu, Zn, Sn, and S under mechanical energy impact. In this work, 
using mechanochemical process, an environmental friendly and cost-effective method, 
CZTS was successfully prepared. It was found that nanocrystalline CZTS was directly 
formed after ball milling its constituent elements for 20 hours. The effect of ball 
milling time on the properties of CZTS was investigated. The grain size of mixture 
powders decreased with the increase of ball milling time. The nanocrystalline CZTS 
powder exhibited p-type conductivity.  
Screen printing had been adopted in the production of some films, but it was not 
clear whether CZTS films can be prepared by this method. CZTS films were prepared 
successfully by using screen printing CZTS power on glass substrates. The influences 
of sintering temperatures on structure and properties of CZTS films were investigated. 
 viii 
Single phase kesterite CZTS was still shown in films after sintering at 400 and 450°C, 
but hexagonal CuS phase aggregated after sintering at 500°C and higher temperatures. 
The optical band gap and resistivity of the films were found to vary with sintering 
temperature. 
A systematic study of the structural, optical, and electronic properties of CZTS 
had been carried out through the employment of various characterization technologies 
and analysis. This work also demonstrated the photovoltaic behavior of a photovoltaic 
cell based on CZTS/TiO2. The formation mechanism, properties and performance of 
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Chapter 1 Introduction 
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Chapter 1 Introduction 
 
Copper zinc tin sulfide (Cu2ZnSnS4, abbr. CZTS) is a potential solar cell 
absorber material that has attracted great attention in this decade. The development of 
this material for solar cell applications is relative young and not well studied 
comparing with other solar cell absorber materials such as silicon (Si), gallium 
arsenide (GaAs), cadmium telluride (CdTe), and copper indium gallium diselenide 
(Cu(In,Ga)Se2, abbr. CIGS). The importance and advantage of CZTS as a solar cell 
absorber material can be better understood after a brief review and comparison of 
different solar cell materials in the following section 1.1. As this thesis focuses on the 
synthesis and study of CZTS, section 1.2 will introduce and review the development 
and properties of CZTS materials. Section 1.3 will present the objectives and novelty 
of this work. Section 1.4 will show the outline of this thesis. 
 
1.1 Energy, solar cells, and materials 
Energy is very important for the quality of life and a crucial factor for economic 
competitiveness. However, the increase in global population and energy demand 
further leads to the unsustainability of fossil-fuel based energy system, environment 
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pollution, and climate change. Answers to the dual challenge of satisfying increasing 
energy needs and combating climate change at the same time are urgently needed. 
Solar energy meets these requirements because it is the most inexhaustible and 
cleanest known energy source. Sunshine as direct irradiance from the Sun on the 
ground of at least 120 W·m
−2
 is defined by the World Meteorological Organization 
[1]
. 
Therefore, solar energy is ideal and will play increasingly important role because of 
its sustainability and cleanness. 
 
1.1.1 History of solar cells 
A solar cell (also called photovoltaic cell) is a solid state electrical device that 
converts sunlight energy directly into electricity by the photovoltaic effect. Solar cells, 
in recent years, have attracted considerable attention due to sustainability and 
cleanness of solar energy. The photovoltaic effect was first discovered by French 
physicist Becquerel 
[2]
 in 1839 when he observed that the action of light on silver 
coated platinum electrode immersed in an electrolyte produced an electric current. In 
1883, the first photovoltaic cell was built by Charles Fritts who coated the 
semiconductor selenium (Se) with an extremely thin layer of gold (Au) to form the 
junctions. The device had only around 1% efficiency. Ohl 
[3]
 patented a junction 
semiconductor solar cell in 1946, which was discovered while working on the series 
of advances that would lead to the transistor. Later, the first crystal silicon solar cell 
with a conversion efficiency of 6% was reported by Chapin, Fuller, and Pearson 
[4]
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from Bell Telephone Laboratories in 1954. In the same year, Reynolds et al. 
[5]
 
reported cuprous sulfide/cadmium sulfide (Cu2S/CdS) heterojunction solar cell with 
about 6% efficiency. In the following years, p-n junction photovoltaic devices in 
GaAs, indium phosphide (In2P3) and CdTe were stimulated by theoretical work 
indicating that these materials would offer higher conversion efficiency.  
Photovoltaic became a subject of intense interest during the energy crisis in 
1970s. Cheaper photovoltaic device and materials and improving device conversion 
efficiency were pursued. During the 1990s, interest in photovoltaic expanded, along 
with growing awareness of the need to secure electricity alterative to fossil fuels. It 
first became competitive in the contexts where conventional electric supply is 
expensive, for instance, for remote low power applications. To share a significant 
component of world energy market, substantial cost reduction of photovoltaic power 
is needed. Now novel materials and technologies are being pursued by various 
institutions and organizations to achieve the goal of significant cost reduction. 
 
1.1.2 Working principle and characteristics of solar cells 
This section will introduce the working principle of solar cells. Photovoltaic 
energy conversion results from charge generation, charge separation, and charge 
transport. A photovoltaic cell absorbs photons of sun radiation energy and excites 
electrons to higher energy level. The maximum efficiency depends upon the incident 
spectrum and the band gap, for a standard solar spectrum it is stated 33% for a single 
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p-n junction solar cell by Shockley-Queisser in 1961
[6 ]
. The charge separation 
requires a driving force which is an absolute key for photovoltaic energy conversion 
and must be built in photovoltaic device. This driving force can be created by p-n 
junction, schottky barrier junction, and electrochemical junction, etc.  
The working principle of the most popular p-n junction will be described in the 
following. A typical solar cell consists of a p-n junction, a front electrode, and a back 
electrode, as shown in Figure 1.1. The p-n junction consists of a narrow n-region and 
a wide p-region. There is a built-in field (E0) in depletion region (W). The front 
electrode must allow the illumination to enter the device and at the same time result in 
a small series resistance (Rs). A back contact electrode is attached to the other side of 
the solar cell.  
 
 
Figure 1.1 The simplified schematic diagram showing the structure and operation of a p-n 
junction solar cell. 
[7]
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When the illumination is through n-type to p-type layer, most of the photons are 
absorbed in the depletion region (W) and the neutral p-side (lp). Electron hole pairs 
(EHPs) are photogenerated in these regions. These EHPs are immediately separated 
by the built-in field which drifts them apart. The electron drifts and reaches the 
neutral n-side whereupon it makes this region negative by an amount of charges. 
Similarly the hole drifts and reaches the neutral p-side and thereby makes this side 
positive. Consequently an open circuit voltage (Voc) develops between the terminals 
of the device with the p-side positive with respect to the n-side. If an external load is 
connected, then the excess electron on the n-side can flow in the external circuit, 
perform work, and reach the p-side to recombine with the excess hole on the p-side. 
[7]
 
The evaluation of the performance of a solar cell is generally made by using four 
characteristic parameters of short circuit current density, open circuit voltage, fill 
factor, and energy conversion efficiency. 
The solar cell‟s quantum efficiency (QE) is the probability an incident photon of 
energy E will deliver one electron to the external circuit. It depends on the absorption 
coefficient of the solar cell material. The photocurrent generated by a solar cell under 
illumination at short current depends on the incident light according to  
( ) ( )sc sJ q b E QE E dE                                  (1.1)  
where bs(E) is the incident spectral photon flux density, the number of photons of 
energy in the range E to E + dE which are incident on unit area in unit time and q is 
the electron  
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Figure 1.2 The equivalent circuit of an ideal solar cell. 
[6]
  
An ideal solar cell may be modeled by a current source in parallel with a diode. 
Figure 1.2 shows the equivalent of an ideal solar cell. When a load is present, a 
potential difference develops between the terminals of the cell. This potential 
difference generates a current that is of an opposite direction to the photocurrent, and 
the net current is reduced from its short circuit current. This reverse current is called 
the dark current (Idark) which flows across the device under an applied voltage V in the 
dark. For an ideal diode the dark current density can be expressed as  
 /0( ) 1BqV k TdarkJ V J e                                 (1.2)  
where J0 is a constant, kB is Boltzmann‟s constant, and T is the temperature in Kelvin 
(K). The net current density in the cell is  
( ) ( )sc darkJ V J J V                                     (1.3)  
which becomes, for an ideal diode,  
 /0( ) 1BqV k TscJ V J J e                                 (1.4)  
When the contact is isolated, the potential difference has its maximum value, the open 
circuit voltage (Voc). This is equivalent to the condition when the dark current and the 
short photocurrent cancel out. For the ideal diode, from Eq. (1.4), 










                                  (1.5)  
It shows that Voc increases logarithmically with light intensity. 






                                        (1.6)  
Where Vmax corresponding with Jmax occur at the maximum power point, 
max max maxP J V . FF describes the „squareness‟ of the J-V curve. The conversion 
efficiency (η) of a solar cell is the percentage of power density converted (from 
absorbed light to electrical energy) at operating pint as a fraction of the incident light 
power density (Ps), 
max max max sc oc
s s s
P J V J V FF
P P P
                              (1.7)  
All these quantities should be defined for particular illumination conditions, the 
Standard Test condition (STC) for solar cell is the Air Mass 1.5 spectrum, and 
incident power density of 1000 W·m
−2




1.1.3 Typical solar cell materials and CZTS 
Up until now, solar cells have mainly been configured as bulk silicon and thin 
film solar cells. A thin film solar cell is a solar cell that is fabricated by depositing one 
or more thin layers of photovoltaic material on a substrate. The thickness range of a 
layer is wide and varies from a few nanometers to tens of micrometers. Thin film 
solar cells have attracted considerable attention due to the following two reasons. 
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Firstly, the thin film solar cells use an absorber with a high absorbance for photons so 
that only a few μm thickness of the active materials is required, much less material 
comparison with crystalline silicon wafer with a thickness of about 200 μm. Secondly, 
thin films can be prepared easily. They can be deposited by using various deposition 
methods on a variety of substrates such as glass, stainless steel, polymer, etc. 
Therefore, in recent years, thin film solar cells have increased their stake in the 
photovoltaic market due to the reduced expense on materials and low fabrication cost 
through advanced thin film technologies. 
Thin film solar cells are usually categorized according to the photovoltaic 
material used: 
  Amorphous silicon (a-Si) and other thin film silicon (TF-Si) 
  CdTe 
  Copper indium diselenide (CuInSe2, abbr. CIS) or copper indium 
gallium diselenide (Cu(In,Ga)Se2, abbr. CIGS) 
  Dye-sensitized solar cell (DSSC) 
A desired absorber material in a thin film solar cell should be low cost, non-toxic 
robust and stable 
[6]
. A higher absorption reduces the cell thickness and so relaxes the 
requirements for minority carrier diffusion length allowing less pure polycrystalline or 
amorphous material to be used. 
Till now, thin film Si cells have an efficiency of 12% by National Renewable 
Energy Laboratory (NREL), CdTe thin film solar cells have 17.3% by First Solar, 
CIGS thin film solar cells have about 20%, and a dye-sensitized solar cell has an 
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efficiency of 12%. However, CIS and CIGS contain the rare and expensive elements 
indium (In) and gallium (Ga), and CdTe contains highly toxic cadmium (Cd) and 
tellurium (Te). DSSC is a photoelectrochemical system based on a semiconductor 
formed between a photo-sensitized anode and an electrolyte. For commercial 
applications, it is held up due to chemical stability problems 
[ 8 ]
. Therefore, 
alternatives, clean, cheap, and stable candidate absorber materials are highly pursued 
in thin film solar cells.  
Copper zinc tin sulfide is a promising absorber material in photovoltaic device 
[9,10]
 due to its abundance, low toxicity, and suitable properties. In view of the green, 
stability, scarcity of source, and the consequent relatively high cost, CZTS is desired 
as a new candidate for absorber material in solar cell.  
 
1.2 Background of CZTS 
CZTS is a promising candidate for photovoltaic absorber materials to fabricate 
novel, high conversion efficiency, and low cost solar cell 
[11]
. Early in 1960, CZTS 
was discovered in a mineral and its structure was investigated for the first time by 
Moll et al. 
[12]
. In 1967, a single crystal of CZTS compound was first grown by 
Nitsche et al. 
[13]
. It was obtained by reacting stoichiometric amounts of the elements 
in a sealed quartz tube at 1100°C in the presence of 5 mg iodine/cm
3
. In 1988, CZTS 
film was first proposed as a potential candidate for solar cell materials by Ito et al. 
[14]
. 
In their study, polycrystalline CZTS was identified to possess the kesterite structure. It 
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showed a resistivity of about 1.3-5×10
4





 in the visible range, and a direct band gap of 1.45 eV.  
Table 1.1 Characterization of CZTS thin film solar cells under a power density of 100 
mA/cm
2
 reported by several main research groups in literatures.  
Method  η  FF Voc  Jsc  A  Reference 





Electrodeposition 3.6 0.42 529 15.9 0.50 Ennaoui 
[15]
 
Electrodepostion 3.2 0.45 480 15.3 0.23 Scragg 
[16] 
Evaporation  4.1 0.60 541 13.0 - Schubert 
[17] 
Evaporation  6.81 0.65 587 17.8 - Mitzi 
[18] 
Sputtering 6.77 0.62 610 17.9  0.15 Katagiri 
[19]
 
PLD 3.14 0.55 651 8.76 - Moholkar 
[20] 
Solution  2.03 0.36 575 9.69 - Tanaka 
[21]
 
Solution  0.23 0.37 321 1.95 - Korgel 
[22]
 
Solution  0.80 33.1 188 10.5 - Guo 
[23]
 
Ball milling  0.49 0.27 386 4.76 0.15 Zhou 
[24] 
 
In 1989, the first solar cell consisting of a CZTS film and cadmium tin oxide 
transparent conductive film was reported by Ito et al. 
[25]
. In 1997, a CZTS thin film 
solar cell, Al/ZnO/CdS/CZTS/Mo/Soda Lime, with 0.49% conversion efficiency was 
fabricated by Katagiri et al. 
[26]
. Although the efficiency of this CZTS thin film solar 
cell appeared very low, it demonstrated that CZTS film could serve as an absorber 
material experimentally. According to Shockley-Queisser photon balance calculations, 
CZTS is expected to have a theoretical conversion efficiency of more than 30% 
[27]
. 
Experimentally, CZTS solar cell up to a maximal efficiency of 6.81% has been 




 in 2010. It is quite low compared with the theoretical limit, and thus more 
systematic study is needed for this material, including the synthesis, characterization 
and investigation. In the case of CZTS solar cells incorporating selenium, 
Cu2ZnSn(Se,S)4 thin film solar cell, has achieved a power conversion efficiency 
record of 10.1%, reported in Sep. 2011 
[28]
. CZTS solar cells currently studied by 
several main research groups are shown in Table 1.1. 
 
1.2.1 Structure and fundamental properties of CZTS 
The crystal structure of CZTS can be depicted from CIGS by replacing indium 
and gallium atoms with the zinc and tin atoms in the chalcogenide-type structure. That 
means the four nearest neighbor atoms of an S ion are two Cu, one Zn, and one Sn 
atom. CZTS was generally recognized to adopt stannite or kesterite structure in 
literature, as shown in Table 1.2. Figure 1.3 shows the stannite and kesterite 
structures of Cu2ZnSnS4. It is not possible to distinguish between the Cu and Zn 
positions in the Cu-Zn layer in the kesterite type structure with laboratory XRD data, 
due to the very similar scattering factors of Cu and Zn. The structure of kesterite type 
has been solved using neutron diffraction by Schorr et al. 
[ 29 ]
. First-principles 
calculations also have been performed to predict CZTS structure. They show that 
kesterite is more stable than stannite even though the energy difference between these 
two structures is small. 
[30,31]
 Lattice constants of CZTS reported in literature are a in 
the range of 5.40-5.47 Å and c is in the range of 10.63-10.96 Å, as seen in Table 1.2. 




Figure 1.3 Kesterite structure (the left) and stannite structure (the right) of Cu2ZnSnS4 
[32]
.  
Table 1.2 Lattice constants and band gaps for kesterite and stannite of CZTS reported in 
literatures. 
Structure  a (Å) c (Å) V (Å
3
) Reference Year 
--- 5.43 10.83 325.2 
[13]
 1967 
Stannite 5.427 10.848 319.5 
[33]
 1974 
Stannite 5.435 10.822 319.7 
[34]
 1991 
Stannite 5.426 10.81 318.3 
[35] 
1997 
Stannite 5.458 10.960 326.5 
[32]
 2009 
Kesterite 5.427 10.871 320.2 
[36]
 1978 
Kesterite 5.40 10.81 315.2 
[37] 
2006 
--- 5.44 10.89 322.3 
[38]
 2008 
Kesterite 5.467 10.923 326.5 
[32]
 2009 
Kesterite 5.421 10.816 317.9 
[39]
 2009 
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CZTS shows p-type conduction. The electronic and optical properties of single 
phase CZTS films reported in literatures are shown in Table 1.3. The carrier density, 









and 0.1-500 Ω·cm, respectively. The band gap of CZTS was reported to be in the 





 at the absorption edge. The position of conduction and valence band edge 
relative to vacuum are −4.21 and −5.71 eV, respectively. 
Table 1.3 Carrier density, mobility and resistivity of CZTS films determined by Hall 
measurement in literatures, and band gap of CZTS films in literatures. 










































The stability of single-phase stoichiometric kesterites CZTS was studied as a 
function of the chemical potential of constituent atoms using First-principles 
theoretical calculation
 [43-45]
. A single-phase CZTS can only be formed within a 
narrow chemical potential window around (μCu = −0.20 eV, μZn = −1.23 eV, and μSn = 
−0.50 eV). It is thus predicted that constraints on forming stoichiometric CZTS 
without binary and ternary second phases are very strict. Experimentally, the 
secondary phases such as ZnS, CuxS, SnS, and Cu2SnS3 are prone to appear in CZTS 
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during crystal growth. These secondary phases lead to a decrease in efficiency of 
CZTS solar cells. Therefore, preparation of CZTS without secondary phases is 
important and challenging.  
 
1.2.2 Synthesis methods of CZTS 
It has been reported that CZTS were prepared by various techniques followed by 
sulfurizing or annealing CZTS precursors. The CZTS precursors have been prepared 
by two general approaches, physical vacuum and solution-based methods.  





, pulsed laser deposition 
[20,37,55-58]
, etc. Generally these methods include 
three steps: 1) preparation of target and source; 2) deposition of CZTS films; 3) 
annealing or sulfurization of CZTS films.  
For the sputtering method to prepare CZTS films 
[14,19,40-42,46-48]
, a CZTS 
compound target, or elemental source targets, or a target of Cu2S, ZnS, and SnS2 
mixture were used. Among these, the CZTS target precursor 
[25]
 was obtained under 
very strict condition, sealing the stoichiometric mixture of elements (purity: 99.99% 
at least) under vacuum in quartz ampoule at a very high temperature of 1040°C for 48 
hours. Sputtering method requires a complicated apparatus and high vacuum. 




 Torr and sputtering 
deposition was carried out under Ar atmosphere under working pressure of ~10
−3
 Torr 
with or without heating substrate. Generally, to induce re-crystallization for better 
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crystallinity, sulfurization of CZTS film was carried out at 570°C in H2S or S vapor 
environment with ~10
−3
 Torr pressure. 
Evaporation deposition is also one of principal methods to obtain CZTS thin film 
[11,17,26,35,49-54]
. In this method, high purity ~99.999% elemental Cu, Sn, S, and Zn or 
binary ZnS sources, were used. These were evaporated in order from individually 
temperature controlled crucibles and Cu/Sn/Zn or ZnS/Sn/Cu stack layers were 





 Torr. To obtain CZTS, sulfurization of these stack layers was 
carried out at 500-550°C in the atmosphere of N2+H2S(5%).  
Pulsed laser deposition is also used to prepare CZTS 
[20,37,55-58]
. In this method, a 
KrF excimer laser with wavelength of 248 nm and repetition frequency of 30 Hz was 
used. The CZTS target was generally prepared from Cu2S, ZnS, and SnS2 powders 
mixed in the stoichiometric ratio of 1:1:1. The powder mixture was shaped into a 
pellet and sealed into an evacuated quartz ampoule, and kept at 750°C for 24 hours in 
furnace. The pulsed laser deposition chamber was initially evacuated to 1.5×10
−4
 Torr 
with a diffusion pump or turbo molecular pump. After deposition, CZTS films were 
further annealed at temperature 400-500°C in the atmosphere of N2+H2S(5%). 
Solution-based, low-cost deposition methods are also used to prepare CZTS 







, etc.  
In the electrodeposition method, a conventional three-electrode cell assembly 
was used. Mo-coated glass soda lime substrate served as working electrode, a 
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saturated calomel electrode (SCE) or a saturated Ag|AgCl as reference electrode, and 
a platinum (Pt) foil as counter electrode. In literature, there are two types of 
electrolytes. One contained metallic salts of Cu(II), Zn(II), Sn(II) together with 
complexing agents and additives 
[15,16,59,63]
. The other type contained S source in 
addition to the metallic salts 
[60-62,64]
. For using electrolyte without S ion source, 
metallic stacked layers were obtained after electrodeposition, and sulfurization was 
followed to convert stacked layers into CZTS at 550-575°C under the environment of 
Ar+H2S(5%) or sulfur (99.999%) with N2+H2(10%). For using electrolyte with S ion 
source, the CZTS precursor was prepared by electrodeposition, and annealing of 
as-deposited precursor to obtain CZTS at 550°C in Ar atmosphere. However, 
secondary phases, CuxS and ZnS, were formed in CZTS prepared by this method. 
Tanaka et al. 
[21,65-68]
 reported CZTS thin films prepared by using sol-gel 
followed by spin coating and sulfurization. CZTS precursor solution was prepared 
from Cu(II), Zn(II), Sn(II) salts, solvent, and stabilizer. Then the solution was 
spin-coated on clean glass substrate, and dried at 300°C in air. To achieve CZTS, the 
precursors were annealed at 500°C in N2+H2S(5%) atmosphere.  
In spray pyrolysis to prepare CZTS films, the starting solution contained Cu(I), 
Zn(II), Sn(IV) salts, thiourea, and solvent 
[69-75]
. A pneumatically controlled spray 
nozzle was used to spray this starting solution on substrate at 280-450°C. Some 
secondary phases such as CuxS, ZnS, or Cu2SnS3 presented in CZTS films. Even 
though annealing as-deposited CZTS film was proceeded at 550°C under N2 flow or 
vacuum, these secondary phases still presented in CZTS films and CZTS were 
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nonstoichiometric.  
Though these solution-based methods avoid the drawbacks of vacuum methods, 
they were not ideal for preparing CZTS films because of the presence of secondary 
phases in CZTS. 
 
1.3 Objectives and novelty 
Before starting this project, barely about 50 papers on CZTS were reported. Only 
Schorr et al. 
[76]
 reported that the formation of CZTS started from the mixture of CuS, 
ZnS, and SnS below 300 
o
C using solid-sate reaction method, and ZnS was still 
present in CZTS samples. There was no study on CZTS prepared by 
mechanochemical process (MCP) before our work. Fabrication of CZTS layers by 
screen printing was reported by Zhou et al. 
[77]
 last year (after our work).  
In this thesis, the synthesis of pure phase CZTS was targeted. From the economic 
and environmental point of view, simple and low-cost methods are preferable. In this 
work, two simple and cost-effective methods are proposed to be used to prepare singe 
phase CZTS. One is the solid-state reaction of nanocrystalline binary sulfides (CuS, 
ZnS, and SnS) in sulfur environment. This process includes two steps; the first step is 
the synthesis of nanocrystalline binary sulfides, CuS, ZnS, and SnS. These binary 
sulfide nanocrystallites as CZTS precursors will be synthesized by chemical bath 
deposition, which is a simple, low-cost, and controllable method. These 
nanocrystallites are expected to decrease the formation temperature of CZTS. The 
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second step is the formation of CZTS through solid-state reaction of these binary 
sulfide nanocrystallites. Another method, MCP through ball milling of Cu, Zn, Sn, 
and S, is also proposed be used to prepare CZTS powder. After that, CZTS films were 
prepared by using screen printing CZTS on glass substrates.  
In this work, we proposed and explored these two simple and low-cost methods 
to achieve CZTS and systematically study the structural, optical, and electronic 
properties of CZTS.  
The main objectives of this thesis are:  
1. to explore simple and cost-effective methods for preparing quaternary CZTS 
and its related sulfides;  
2. to systematically study the structural, optical, and electronic properties of 
CTZS;  
3. the fabrication and evaluation of simple photovoltaic devices based on CZTS.  
In this thesis, the synthesis of CZTS and its related materials are summarized and 
presented. Binary sulfides and CZTS are fabricated by using a series of economic 
methods including chemical bath deposition, solid-state reaction, mechanochemical 
process and screen printing. A systematic study on properties of CZTS and its related 
sulfides is carried out through the employment of various characterization 
technologies and analysis. Simple photovoltaic devices based on CZTS and its related 
material, SnS, will be fabricated to demonstrate that CZTS and SnS can act as 
absorbers in solar cells. The results of this study should provide a simple and 
cost-effective method to achieve CZTS and its related sulfides, contribute a better 
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understanding of CZTS formation mechanism and the effect of the annealing 
temperature on its properties, and demonstrate CZTS as an absorber in a low cost 
solar cell. 
 
1.4 Outline of this thesis 
This thesis consists of 7 chapters. Chapter 1 is introduction and literature review. 
Chapter 2 introduces the synthesis and characterization techniques used in this work. 
Chapter 3 presents the synthesis and properties of nanocrystalline CuS, ZnS, and SnS. 
The synthesis and study of these sulfides are necessary for obtaining CZTS. In this 
chapter, SnS was especially studied because it was a potential candidate as absorber in 
a solar cell. Investigation of deposition time influence on SnS properties was carried 
out. A simple photovoltaic device based on SnS was fabricated and evaluated. Chapter 
4 reports the synthesis of CZTS by solid-state reaction from nanocrystalline CuS, SnS, 
and ZnS, the investigation of annealing temperature influence on properties of CZTS, 
the fabrication and evaluation of photovoltaic device based on CZTS. Chapter 5 
explores the preparation and characterization of CZTS by mechanochemical process 
through ball milling elemental materials, Cu, Zn, Sn, and S. Chapter 6 investigates the 
preparation and the influence of sintering temperature on properties of CZTS films. 
Chapter 7 gives conclusion and future work.  
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Chapter 2 Research techniques 
 
2.1 Introduction 
In this chapter, the research techniques used in this project will be briefly 
described. These experimental techniques can be divided by nature into two classes: 
synthesis methods and analysis techniques. The synthesis methods are chemical bath 
deposition, annealing, mechanochemical process, and screen printing. The analysis 
techniques include X-ray diffraction (XRD), transmission electron microscopy (TEM), 
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), scanning electron 
microscopy (SEM), X-ray energy dispersive spectrometer (EDS), UV-Vis-NIR 
spectroscopy, and I-V Measurement. 
 
2.2 Synthesis method 
2.2.1 Chemical bath deposition 
Chemical bath deposition (CBD) has attracted considerable attention as it is a 
simple, cost-effective, and low temperature deposition method 
[1,2]
. In this method, 
metal sulfide thin films can be deposited on substrates immersed in dilute solutions 
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containing metal ions and a source of sulfide ions 
[3]
. Sulfide precursors used 
generally are thiourea, thioacetamide, thiosulphate, and sodium sulfide. Metallic 
precursors are e.g. metal ions complexed with ammonia ligands. Generally, the 
reaction takes place between the dissolved sulfide and metallic precursors in aqueous 
solution at low temperature (30-80°C). The low temperature deposition avoids 
oxidation and corrosion of metallic substrates. The preparation parameters are 
controllable and good quality thin films can be obtained 
[4]
. CBD does not require 
expensive and sophisticated instrumentation such as vacuum and high temperature 
systems. Moreover, the starting chemicals are also commonly available. Using 
chemical deposition methods, a large number of binary compounds such as CdS, 
CdSe, Bi2S3, Bi2Se3, PbS, PbSe, As2S3, Sb2S3, Ag2S, CuS, ZnS, etc. and ternary 








The formation of solid phase from a solution involves two steps: nucleation and 
particle growth. Depending upon deposition conditions such as bath temperature, pH, 
solution concentration, etc., the film growth can take place by ion-by-ion 
condensation of materials or by adsorption of colloidal particles from the solution on 
the substrate. 
In this project, the CBD solution for preparing SnS was constituted of tin (II) 
chloride (SnCl2), acetone, triethanolamine (TEA), thioacetamide (CH3CSNH2), 
ammonia solution (NH3·H2O), and deionized water. Tin (II) chloride was used as Sn
2+ 
precursor and thioacetamide was used as S
2−
 source. Acetone and TEA were used as a 
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solvent for chloride hydrate and a complex agent for tin ion, respectively. The 
preparation of SnS thin films and particle precipitation was carried out at 75°C.  
The CBD solution for preparing copper monosulfide (CuS) was constituted of 
copper (II) chloride (CuCl2), TEA, thiourea (NH2CSNH2, abbr. TA), NH3·H2O, and 
the deionized water. Copper (II) chloride solution was used as Cu
2+ 
precursor and 
thiourea was used as S
2−
 source. TEA was used as a complex agent for copper ion. 
The CuCl2 dissolved readily in water to give the aquaion [Cu(H2O)6]
2+
 and the 
complexation was proceeded by the successive displacement of water molecules by 
the TEA complexing molecules, and [Cu(TEA)n]
2+
 complex ions were formed. The 
S
2−
 ions were provided through the hydrolysis of thiourea in an alkaline (normally of 
pH 10-12) bath. The CuS thin films deposited on glass substrate and particle 
precipitation were carried out at 50°C. 
The CBD solution for preparing zinc sulfide (ZnS) was constituted of zinc 
chloride (ZnCl2), NH3H2O, TEA, TA, and deionized water. ZnCl2 aqueous solution 
was used as Zn
2+
 precursor and thiourea was used as S
2−
 source. TEA was used as a 
complex agent. The ZnS film deposition and particle precipitation were carried out at 
room temperature. 
 
2.2.2 Annealing system 
An annealing system was employed to synthesize CZTS through solid-state 
reaction and anneal CZTS films. It was a tube furnace (Carbolite, CTF 12/75/1200) 
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with a quartz tube (ID/OD×L, 55/60×1200 mm), a rotary vacuum pump (Edwards, 
EM18), and sealings. The pressure was maintained at 1.0×10
−2
 Torr measured by a 
vacuum gauge. 
The mixture of CuS, ZnS and SnS powders weighed according to their 
stoichiometric ratios in CZTS was loaded in the central part of the quartz tube furnace 
annealing system to achieve CZTS. A few pieces of sulfur were positioned at a low 
temperature (~110°C) zone region to generate a sulfur rich ambience to overcome the 
S deficiency problem in the CZTS compound. 
 
2.2.3 Screen printing 
Screen printing is a printing technique that involves a screen of woven material 
that has been glued to a frame under tension. The attached stencil forms open areas of 
mesh that transfer printable materials which can be pressed through the mesh onto a 
substrate. A squeegee is moved across the screen stencil, forcing or pumping printable 
materials past the threads of a woven mesh and brought into proximity of the 
substrate. The process is illustrated in Figure 2.1. 
The screen printing technique has been used in the context of polymer solar cells 
[7,8]







, and CIS 
[12]
. Generally, this method consists of three steps 
[13]
: 1) 
preparation of semiconductor powders and the formation of a paste with suitable 
solvent and organic binder; 2) screen printing of the paste on substrate; 3) drying and 
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sintering of the screen printed layer to remove solvent and binder.  
 
 
Figure 2.1 Illustration of the screen printing process. 
[14]
 
In this project, stencils with 77 T mesh and squeegee rubber screen printing were 
used to obtain CZTS film. After CZTS paste was screen printed on glass substrate, the 
wet sample was heated to evaporate solvent, and the screen printed wet layer turned to 
a dry one. 
 
2.3 Experimental characterization 
2.3.1 X-ray diffraction (XRD) 
X-ray diffraction (XRD) is a versatile, non-destructive analytical technique that 
reveals detailed information about the chemical composition and crystallographic 
structure of natural and manufactured materials including thin films. X-ray powder 
diffraction is most widely used for the identification of unknown crystalline materials, 
characterization of space group, unit cell dimensions, and assessment of sample purity. 
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X-ray diffraction is based on a constructive interference of monochromatic incident 
X-ray and crystalline sample. When a monochromatic X-ray beam with wavelength (λ) 
is directed at a crystalline material at an angle theta (θ), diffraction occurs only when 
conditions satisfy Bragg‟s Law [15] (see Figure 2.2): 
2 sinn d                                            (2.1)  
where n is an integer that represents the order of diffraction, and d is the spacing 
between adjacent crystal planes. By varying the angle theta, the Bragg's Law conditions 
are satisfied by different d-spacings in polycrystalline materials. Plotting the angular 
positions and intensities of the resultant diffracted peaks of radiation produces a pattern, 
which is characteristic of the sample.  
 
 
Figure 2.2 Bragg‟s Law Schematic diagram [16]. 
For this work, Bruker X-ray diffractometer (XRD) with CuKα radiation (λKα = 
1.5406 Å) was used to characterize all samples. Data were collected by a 
step-scanning method in the 2θ range from 20° to 60° with step width of 0.05° and a 
step time of 3 s.  
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2.3.2 Transmission electron microscopy (TEM) 
Transmission electron microscopy (TEM) is a microscopy technique, which uses 
a high energy electron beam transmitted through a very thin sample to image and 
analyze the microstructure of materials with atomic scale resolution. The electrons are 
focused with electromagnetic lenses and the image is observed on a fluorescent 
screen, or recorded on film or digital camera. The electrons are accelerated at several 
hundred kV, giving wavelengths much smaller than that of light: 200 kV electrons 
have a wavelength of 0.025 Å. TEM are capable of imaging at a high resolution, 
owing to the small de Broglie wavelength of electrons. The microstructure 
information about the morphology, crystal structure and defects, crystal phases and 
composition can be obtained by TEM.  
TEM has two standard imaging modes, bright field (BF) and dark field (DF). In 
BF images, areas of high scattering appear dark indicating regions of high mass, 
thickness or strong diffraction effects. In DF mode, the image is formed with 
electrons scattered in a specific direction, usually as a result of diffraction from a 
particular atomic plane or planes. Thus, regions of high intensity represent strong 
scattering. High resolution TEM (HRTEM) is a phase-contrast imaging technique, 
which makes it possible to obtain images with atomic resolution. It can be used to 
investigate the crystallinity of the sample, including identification of lattice planes and 
some defects. Selected-area electron diffraction (SAED) provides crystal structure and 
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lattice spacing from selected regions of the sample with100-1000 nm scale. The lattice 
spacings and orientations of the diffraction spots can be interpreted in terms of the 
planar spacing and orientations in the sample. The planar spacing d can be determined 
by measuring the separation of diffraction spots, R, according to the geometry formula 
of electron diffraction shown in the following equation 
[17]
: 
Rd L                                                        (2.2)  
where λL is the camera constant. 
In this present work, JEM 2010F TEM was used to record HRTEM images and 
SAED patterns. 
 
2.3.3 Raman spectroscopy 
Raman spectroscopy is the most common vibrational spectroscopy. It is based on 
the processes of inelastic scattering of a monochromatic excitation source. It is used to 
provide information on chemical structures and physical forms, to identify substances 
from their characteristic spectral patterns („fingerprinting‟), and to determine 
quantitatively or semi-quantitatively the amount of a substance in a sample. 
Raman scattering is an example of inelastic scattering because of the energy 
transfer between the photons and the molecules during their interaction. If only 
electron cloud distortion is involved in scattering, the photons will be scattered with 
very small frequency changes, as the electrons are comparatively light. This scattering 
process is regarded as elastic scattering and is the dominant process, called Rayleigh 
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scattering. However, if nuclear motion is induced during the scattering process, 
energy will be transferred either from the incident photon to the molecule or from the 
molecule to the scattered photon. In these cases the process is inelastic and the energy 
of the scattered photon is different from that of the incident photon by one vibrational 
unit, called Raman scattering. Figure 2.3 shows the basic processes which occur for 
one vibration. The Rayleigh process does not involve any energy change and 
consequently the light returns to the same energy state. The Raman scattering process 
from the ground vibrational state (m) leads to absorption of energy by the molecule 
and its promotion to a higher energy excited vibrational state (n). This is called Stokes 
Scattering. However, due to thermal energy, some molecules may be present in an 
excited state (n) in Figure 2.3. Scattering from these states to the ground state (m) is 
called anti-Stokes scattering and involves transfer of energy to the scattered photon. 
 
 
Figure 2.3 Diagram of the Rayleigh and Raman scattering processes. The lowest energy 
vibrational state (m) is shown at the foot with states of increasing energy above it. Both the 
low energy (upward arrows) and the scattered energy (downward arrows) have much larger 
energies than the energy of a vibration. The diagram is adapted from reference 
[18]
. 
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In this work, the Raman spectra were obtained by LabRam HR800 (Jobin Yvon 
Horiba) with green laser source (λ = 514.53 nm, argon laser type). Measurement 
conditions are 1 μm of hole size, 60 s of running per time, running 4 times. 
 
2.3.4 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is a surface chemical analysis technique 
which utilizes photo-ionization and analysis of the kinetic energy distribution of the 
emitted photoelectrons to study the elemental identification, relative composition of 
the constituents, chemical state, and electronic state of the elements in the surface 
region. In XPS, the photon is absorbed by an atom in material, leading to ionization and 
the emission of a core level electron. The kinetic energy (Ek) of the electron is the 
experimental quantity measured by the spectrometer, the binding energy of the electron 
(EB) is the parameter which identifies the electron specifically, both in terms of its 
parent element and atomic energy level, there is a relationship between these two 
parameters: 
B kE h E W                                                   (2.3)  
Where h  is the photon energy, W is the spectrometer work function. The process of 
photo emission is shown schematically in Figure 2.4, 
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Figure 2.4 Schematic diagram of the XPS process, showing the photoionization of an atom 
by the ejection of a 1s electron. The diagram is adapted from reference 
[19]
. 
The energy of the emitted photoelectrons is analyzed by an electron spectrometer 
and data are present as a graph of intensity (the number of electrons emitted from the 
top 1 to 10 nm of material) versus electron energy. The peaks of the binding identify 
each element that exists in the surface of the material. The peak areas can be used 
(with appropriate sensitivity factors) to determine the composition of the materials 
surface. The shape of each peak and the binding energy can be slightly altered by the 
chemical state of the emitting atom. XPS is not sensitive to hydrogen or helium, but 
can detect all other elements. XPS must be carried out in ultra high vacuum (UHV, < 
10
−9
 Torr) conditions. 
A Kratos Axis Ultra DLD X-ray photoelectron spectroscopy (XPS) spectrometer 
with monochromatic AlKα (1486.69 eV) was used to study the presence and the 
bonding states of CZTS. The High resolution X-ray photoelectron spectroscopy 
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(HR-XPS) spectra were collected in a concentric hemispherical analyzer in a constant 
energy mode with pass energy of 20 eV and a step of 0.05 eV for narrow scan. Data 
were collected from the surface without sputtering. 
 
2.3.5 Scanning electron microscopy (SEM) and X-ray energy 
dispersive spectrometer (EDS) 
The scanning electron microscope (SEM) is an electron microscope that uses a 
high energy electron beam to scan the sample surface forming electron microscope 
images. It has a large depth of field, much higher resolution, and much more control 
over the degree of magnification. These advantages make SEM one of the most 
heavily used instruments in research and industry. 
In SEM, the electrons interact with the atoms that make the sample producing 
signals that contain information about the sample's surface topography, composition, 
and other properties such as electrical conductivity. When high energy electron beam 
strikes the sample surface, the interactions of the electron beam with sample produces 
secondary electrons, backscattered electrons, characteristic X-rays, and other photons 
of various energies 
[20]
. The most widely used signal in the SEM is from secondary 
electrons. Secondary electrons are produced by the interactions between incident 
electrons and weakly bound conduction band electrons in the atoms of the sample. 
The average energy of secondary electrons is quite low so they are easily collected by 
being attracted by a positive charge. 
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Characteristic X-rays are emitted when the electron beam removes an inner shell 
electron from the sample, causing a higher energy electron to fill the shell and release 
energy. These X-rays signal are collected and analyzed by an energy dispersive 
spectrometer (EDS). Compositional information such as elemental analysis, elemental 
composition, and compositional mappings can be determined by SEM with EDS 
using characteristic X-rays.  
Surface morphologies and cross-section images of the samples were studied by a 
PHILIPS XL30 FEG (Field Emission Gun) scanning electron microscope (SEM), 
equipped with an Ion Getter Pump (IGP), which enables the normal working pressure 
for the source to achieve about 2×10
−9
 Torr or better. The working distance was kept 
at 10 mm, voltage at 5 kV, and spot size at 3. The composition of sample was detected 
and identified by EDS attached to the SEM. The working distance was kept at 10 mm, 
voltage and spot size were adjusted to make the Counts per Second (CPS) in the range 
of 1000 to 2000.  
 
2.3.6 UV-Vis-NIR spectroscopy 
Ultra violet-visible-near infrared spectroscopy (UV-Vis-NIR) involves the 
measurement of light absorption or reflectance of tested materials. The 
ultraviolet-visible-near infrared spectral region encompasses the near ultraviolet (UV) 
region (200-400 nm), the visible range (400-700 nm) as well as the near infrared (IR) 
region with wavelengths between 700 and 1100nm. UV-Vis-NIR spectroscopy makes 
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it possible to measure the different percentages of light reflected, transmitted or 
absorbed by a sample, whilst taking into account the various phenomena capable of 
producing misleading measurements (diffusion, refraction, polarization). It measures 
the intensity of light passing through a sample (I), and compares it to the intensity 
before it passes thorough the sample (I0). Two parameters can be measured: 
transmittance ( 0/T I I ) and absorbance ( 0log( / )Abs I I ). A common 
characteristic of such measurement is that induced transition in the outermost shell of 
molecule. 
Cary 5000 UV-Vis-NIR Spectrophotometer was used in current work to obtain 
SnS and CZTS optical absorbance in the wavelength range (175-1100 nm). In this 
instrument, UV-Vis detector: high performance R928 photomultiplier tube, NIR 
detector (Cary 5000 and Cary 6000i only): electrothermally controlled lead sulfide 
photocell (Cary 5000) incorporating PbSmart™ technology for the optimum low 
noise and ultimate linearity performance. Controlled by the Cary WinUV software, a 
modular Windows-based software, makes it easy to perform powerful analysis and 
control a number of optional accessories. The large sample compartment can be 
expanded to hold large accessories and integrating spheres for spectral and diffuse 
reflectance. The LockDown mechanism makes it possible to quickly change and 
position accessories for reproducible results. A light interval of 1.0 nm and a slit 
width of 2.0 nm were used for the measurement. 
 
Chapter 2 Research techniques 
40 
2.3.7 I-V measurement 
An I-V measurement system measures I-V curves of solar cells and calculates 
critical cell performance parameters including short circuit current (Isc), open circuit 
voltage (Voc), fill factor (FF), maximum current (Imax), maximum voltage (Vmax), 
maximum power (Pmax), and conversion efficiency (η) and saves them automatically 
on hard disk drive. This system includes the light source, the measurement electronics, 
computer, and software needed to measure solar cell I-V curves. Its solar simulator 
illuminates the test device while the electronic load sweeps the cell voltage from a 
reverse-bias condition, through the power quadrant, and beyond Voc. The system's 
computer gathers data, calculates solar cell parameters, generates printable test reports, 
and saves test data in text files. In addition, with optional hardware, cell‟s temperature 
and irradiance level is measured and stored for future analysis. 
The I-V curve measurement and the critical parameters calculation of all 
photovoltaic devices such as short current (Isc), current density (Jsc), open circuit 
voltage (Voc), fill factor (FF), and cell conversion efficiency (η) were obtained by 
Newport‟s new Oriel I-V test station with Keithly 2420. The light source used in the 
photoconduction measurement was the Newport 1000 W Oriel
®
 Solar Simulator.  
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Chapter 3 Synthesis and properties of 
CZTS related binary sulfides 
 
3.1 Introduction 
The binary sulfides, CuS, ZnS, and SnS, are important components for the 
synthesis of CZTS that will be described in Chapter 4. It is then necessary to present 
the synthesis and characterization of these binary sulfides here. Among these three 
binary sulfides, the success in achieving CuS and ZnS will just be demonstrated 
without further detailed investigation because these binaries have been well reported. 
On the other hand, SnS will be investigated in more detail as it has the potential to 
serve as an absorber in a solar cell. 
 
3.2 Copper monosulfide and zinc sulfide 
Copper monosulfide (CuS), a group I-VI semiconductor, has a hexagonal crystal 
structure. In this work, it will be used as one precursor to prepare CZTS. CuS has 
p-type conduction 
[1]
, catalytic activity 
[2]





and transformation into a superconductor below 1.6 K 
[4]
, high energy capacity of 520 






. Therefore, CuS can be used in a great variety of fields such as solar 
control and solar radiation absorber 
[6]




 coating on the polymer surface 
to increase its conductivity 
[7]





, etc. CuS can be obtained using reactively evaporating copper and sulfur 
[8]








, and chemical bath 
deposition 
[11]
. The vacuum deposition techniques are expensive and require more 
strict conditions. In this study, CuS will be prepared by simple chemical bath 
deposition (CBD) method. 
Zinc sulfide (ZnS) will also be used as one precursor to prepare CZTS. ZnS, a 
group II-VI semiconductor, has two forms, cubic or hexagonal structures. Cubic form 
(lattice constant 5.410 Å) is more stable and processes a direct wide band gap of 3.68 
eV at 295 K 
[12]
. It was reported that ZnS has been prepared by various techniques 
such as sputtering 
[13]
, molecular abeam epitaxy 
[14]





, and chemical bath deposition 
[17,18]
. In this work, ZnS also will be 
prepared by CBD. 
 
3.2.1 Synthesis and characterization of CuS powder 
To synthesize CuS, 0.67 g copper chloride (CuCl2) was first dissolved in a 
solution containing 10 ml deionized water, 4 ml of 98% TEA, 6 ml of 1 M thiourea, 8 
ml of 24% ammonia solution, and 10 ml of 1 M sodium hydroxide. The CuS CBD 
was carried out at 50°C for 1 hour. 
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Figure 3.1 XRD pattern of CuS powder obtained by CBD. 
 
Figure 3.2 SEM image of the CuS powder sample synthesized by CBD. 
CuS was formed following the reaction: 
2+ -
n 2 2 2 2 2[Cu(TEA) ] + NH CSNH + OH CuS + nTEA + NH CONH + H O  (3.1)  
After the reaction, black-green CuS was obtained. The CuS powder was prepared by 
cleaning and centrifuging the sediments in deionized water and ethanol for several 
times followed by drying in an oven at 50°C. 
The XRD pattern of CuS powder obtained by CBD was indexed to be hexagonal 
CuS (JCPDS card no. #65-3588), as shown in Figure 3.1. The broad peaks are at 2θ = 
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29.49°, 31.97°, 48.17°, and 59.32°, which can be indexed to planes (1 0 2), (1 0 3), (1 
1 0), and (1 1 6) of CuS. These broad peaks were attributed to small grain size. Grain 









                                          (3.2)  
where D is the grain size (unit in nm), K is the shape factor, K = 0.89 normally used 
for unknown materials, λ is the incidence X-ray wavelength ( = 0.15406 nm),  is 
the full width half maximum (FWHM, units in radians), and  is Bragg‟s angle (units 
in degrees). The grain size of CuS powders was estimated to be ~23 nm. From SEM 
image of CuS sample shown in Figure 3.2, it can be observed that the morphology of 
CuS powders consisted of intense small particles with ~250 nm diameter. The 
composition was estimated using EDS, and the atomic ratio of S/Cu was 1.10. 
 
3.2.2 Synthesis and characterization of ZnS powder 
ZnS was prepared from the precursor solution with 1.36 g of zinc chloride 
(ZnCl2) dissolved in a solution of 10 ml deionized water, 2 ml of 98% TEA, 15 ml of 
1 M thioacetamide and 6 ml of 24% ammonia at room temperature for 1 hour. The 
chemical reaction to form ZnS is given by the following: 
2+ -
n 3 2 3 2 2[Zn(TEA) ] + CH CSNH + OH ZnS + nTEA + CH CONH + H O   (3.3)  
After the reaction, white ZnS was obtained. The ZnS powders were prepared by 
cleaning and centrifuging the sediments in deionized water and ethanol for several 
times followed by drying them in the oven at 50°C. 
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Figure 3.3 (a) XRD pattern of ZnS powder and after annealing at 350°C (ZnS
a
) powder 
samples obtained by CBD, (b) TEM image of ZnS powder and the inset of SAED for ZnS 
powder. 
In Figure 3.3(a), the XRD pattern of ZnS powder prepared by CBD showed only 
one main hump around 28.6°. To further confirm the crystallographic structure of the 
powder, the ZnS sample was annealed at 350°C for 1 hour under 1.0×10
−2
 Torr. The 
XRD pattern of ZnS sample could then be indexed to be cubic ZnS (JCPDS card no. 
#65-5476). The broad peaks are at 2θ = 28.86°, 47.82°, and 56.67°, which can be 
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indexed to planes (1 1 1), (2 2 0), and (2 2 2) of ZnS. SAED was used to confirm ZnS 
formation, shown in the inset of Figure 3.3(b). SAED of ZnS exhibited a series of 
diffraction rings attributing to (1 1 1), (2 2 0), and (2 2 2) planes of cubic ZnS, agreed 
with XRD. From HRTEM image, ZnS grain size was estimated ~6 nm. 
 
 
Figure 3.4 SEM image of the ZnS sample synthesized by CBD. 
SEM image as in Figure 3.4 showed the particles size was < 50 nm. The 
composition was estimated using EDS, and the atomic ratio of S/Zn was 0.98 close to 
stiochiometry. 
 
3.3 Tin (II) sulfide powder and film 
Tin (II) sulfide (SnS) is a group IV-VI semiconductor. SnS was reported to have 
an orthorhombic structure composed of four Sn atoms and four S atoms with lattice 
parameters a = 3.98 Å, b = 4.33 Å, and c = 11.18 Å. 
[19]
 In this structure an Sn atom is 
surrounded by six S atoms, three at a short distance (2.68 Å) and three at a somewhat 
larger distance (3.38 Å).  
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Anderson et al. 
[ 20 - 23 ]
 first found that SnS had a indirect band gap of 
approximately 1.2 eV. Albers et al. 
[ 24 ]
 estimated the indirect band gap to 
1.07 0.04 eVgE   . Bilenkii et al. 
[25]
 found the indirect energy gap of SnS thin films 
to be 1.25 eV. Pramanik et al. 
[26]
 reported an indirect band gap of 1.51 eV of 
amorphous SnS film, higher than that of a crystalline sample. El-Nahss et al. 
[27]
 
reported that SnS had indirect and direct forbidden transitions with energy gaps of 1.4 
eV and 2.18 eV for the amorphous films and of 1.38 eV and 2.33 eV for the 
crystalline films, respectively. These different values of energy gap for SnS have been 
obtained depending on different fabrication techniques and consequential differences 
in the type of electron transition occurring. 
SnS is usually p-type semiconductor. The acceptor levels are created by 
double-ionised tin vacancies. An excess of tin changes the type of conductivity of SnS 
from p-type to n-type. 
[28]
 Sharon et al. 
[29]
 and Pramanik et al. 
[26]
 reported n-type SnS 
with an activation energy of 0.74 eV. Nair et al. 
[30]
 reported p-type conduction SnS 





and photo-current to dark-current ratio up to 10 under 500 W·m
−2
 tungsten halogen 
illumination. Noguchi et al. 
[31]
 reported that p-type conduction SnS thin films 
showing resistivities of 13-20 Ω·cm, carrier densities of 6.3×1014-1.2×1015 cm−3, and 
Hall mobilities of 400-500 cm
2
/V·s. The activation energy for conduction was about 
0.28-0.34 eV, suggesting the presence of deep acceptor levels. Reddy et al. 
[32,33]
 
reported that p-type SnS had resistivity of 5-1.5×10
2





, and an activation energy of 0.65 eV.  
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SnS has suitable optical band gap for photo conversion solar cell, acceptability 
from the points of view of cost, availability, toxicity, and stability. This ascribes to 
SnS a potential absorber material in solar cells. The high theoretical conversion 
efficiency of 25% was calculated according to Prince-Loferski diagrams 
[34,35]
. In 
practice, several research groups studied SnS as absorber in different solar cells. Up to 
now, a SnS/CdS 
[32]
 solar cell was reported to have the highest conversion efficiencies 
of 1.3%. The window layer of those solar cells usually employed CdS. However, Cd 
element is very toxic to humans. Therefore, Miyawaki et al. 
[36]
 suggested that ZnS is 
a good substitute of CdS. They prepared ZnS/SnS cell by photochemical and 
electrochemical deposition methods, but this type of cell was found to have a very 
low short current density of 0.95 µA/cm
2
 and a low open circuit voltage of 135 mV. In 
recent years, titanium dioxide (TiO2) as a wide band gap semiconductor for 
dye-sensitized solar cells has been developed extensively and advanced greatly. 
However, no study on SnS/TiO2 photovoltaic properties has been reported to the best 
of our knowledge.  
Inomata et al. 
[37]
 reported that a large surface area is important to improve the 
solar cell performance. The inefficiency of solar cells in converting the solar 
irradiation into electricity is a key contributor to the high costs of solar cells, but new 
research into a large surface area of a semiconductor film may revolutionize the 
process and help improve the viability of solar energy. Furthermore, multi-scattering 
of sun light in the solar cell materials can also increase the conversion efficiency. 
Nanostructures can scatter and channel light, and nanoflakes or nanowalls can 
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tremendously increase the surface area of the semiconductor film and increase the 
solar cell conversion efficiency. Therefore, the development of uniform large 
surface-area nanostructure films is important for solar cell performance. Biswas et al. 
[38]
 obtained SnS nanorods and nanosheets by thioglycolic acid assisted hydrothermal 
synthesis. However, no report has been found on uniform SnS nanowall films.  
In the past years, a large number of reports have been published on SnS thin 
films which were deposited by various techniques such as chemical deposition 
[11,30,39-41]
, electrochemical and photochemical deposition 
[42-49]




, and spray pyrolysis 
[32,55,56]
. Even though various 
techniques employed to prepare SnS thin films, among these methods the chemical 
bath deposition appears to be the simplest, easiest to control, lowest-cost, and best 
suited for producing large-area thin films. In this study, chemical bath deposition will 
be used to synthesize SnS thin film and powder. The structure, morphology, optical 
property, and photosensitivity of SnS thin films with different thicknesses are 
investigated. A simple SnS/TiO2 photovoltaic device structure is fabricated to 
investigate its photovoltaic behavior. SnS powder will be as one of precursors for 
CZTS. 
 
3.3.1 Experimental details 
Tin (II) sulfide thin films were deposited by chemical bath deposition. The CBD 
solution for preparing SnS thin films was constituted of 0.95 g of SnCl2 dissolved in 5 
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ml of acetone, 8 ml of 98% TEA, 8 ml of 0.1 M CH3CSNH2, 6 ml of 24% NH3·H2O, 
and deionized water making the volume to be 100 ml. SnCl2 was used as tin ion (Sn
2+
) 
precursor and thioacetamide was used as sulfur ion (S
2−
) source. Tin ion and sulfur 
ion precursors were mixed in atomic ratio of 1:1.6. Acetone and TEA were used as a 
solvent for chloride hydrate and a complex agent for chloride ion, respectively. Glass 
substrates were cleaned ultrasonically by using detergent, Micro-90 dilute solution, 
deionized water, acetone, and ethanol in turn prior to the deposition. The cleaned glass 
substrates were vertically immersed into this alkaline solution. SnS thin films were 
grown at 75°C for 1 hour. SnS powder was prepared by cleaning and centrifuging the 
sediments in deionized water and ethanol for several times followed by drying in an 
oven at 50°C. 
To investigate the photovoltaic behavior, a SnS thin film was deposited on the 
TiO2/FTO/glass by CBD. The photovoltaic device consisted of SnS layer deposited on 
porous TiO2 layer, a fluorine (F) doped tin dioxide (SnO2:F, FTO) conduction layer 
covered with the TiO2 porous layer as the front electrode, and a Pt layer as the back 
electrode. The single TiO2 porous layer made from TiO2 paste. The TiO2 device 
assembly was reported by Wang et al. 
[57]
.  
Crystal structure and phase confirmation of samples were characterized using 
Bruker X-ray diffractometer (XRD) with CuKα radiation (step size of 0.05° and scan 
speed of 3 s/step, and 2θ in range from 20° to 60°). Morphology of the samples was 
recorded using Hitachi S-2300 scanning electron microscopy (SEM). High resolution 
transmission electron microscopy (HRTEM) image and selected area diffraction 
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(SAED) pattern were recorded using a JEM 2010F TEM. Film thickness was 
estimated using the step profiler (Alpha Step 500). Sn and S contents were determined 
using two methods for double confirmation. One was X-ray energy dispersive 
spectroscopy (EDS). The other was Perkin Elmer Dual-view Optima DV5300 
Inductively coupled plasma-optical emission spectrometry (ICP-OES) with Elementar 
Vario Micro Cube. The optical properties were investigated using Varian Cary 5000 
UV-Vis-NIR spectroscopy. I-V curves of SnS thin film samples and SnS/TiO2 
photovoltaic device were measured using Keithly 2420 high voltage source meter. 
The light source of the Newport 1000 W Oriel
®
 Solar Simulator was used in the 
photoconduction measurement of SnS film and evaluation of SnS/TiO2 photovoltaic 
device. 
 
3.3.2 Results and discussions 
Formation mechanism of SnS thin film 




3 2 3 2 2[Sn(TEA)] + CH CSNH + 2OH SnS + TEA + CH CONH + H O    (3.4)  
Unlike the approach adopted in literature 
[58,59]
, for which granular particles were 
reported, here large area nanowall SnS films were achieved. 
The samples were obtained at a series of deposition time: 5, 10, 20, 40, and 60 
mins. After deposition, the samples were taken out, washed in deionized water, and 
blown dry using nitrogen gas. It was observed that the initial chemical bath solution 
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was semi-transparent, ivory-white and uniform. After the deposition or chemical 
reaction for 5 mins, the solution gradually became brown and opaque. The prepared 
film samples were brown-dark. The film thickness (the height difference between the 
upper and lower surfaces of the SnS thin film) was determined using a step profiler. 
As shown in Figure 3.5, the thickness of SnS thin films increased with the deposition 
time. 
 
Figure 3.5 The dependence of the thickness of SnS thin film by CBD on deposition time. 
Table 3.1 The thickness of SnS thin films prepared by CBD for different deposition periods. 
 
Structure of SnS thin film and powder 
The SnS crystal structure of thin film samples on glass substrate was investigated 
Deposition time 10 mins 20 mins 40 mins 60 mins 
Thickness (nm) 70±20 270±20 500±20 900±20 
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using X-ray diffraction. The XRD pattern of the film deposited for 60 mins is shown 
in Figure 3.6. Two peaks were obtained which belong to SnS with orthorhombic 
structure (JCPDS card no. #39-0354, space group: pbnm). The two peaks at 31.6° and 
30.5° in the XRD pattern are attributed to (1 1 1) and (1 0 1) planes of SnS. There 
were no peaks for SnS2, Sn2S3 and elemental sulfur (S) and tin (Sn) in the XRD 
pattern. It is noted that the crystalline status of SnS thin film by CBD is different from 
the amorphous SnS thin film of Pramanik et al. 
[26]
 who used their CBD approach. It is 
similar to that of SnS thin film via evaporating 4N pure SnS source at the substrate 




Figure 3.6 XRD pattern of SnS thin film deposited by CBD at 75°C for 60 mins. 
To find whether the precipitates also are SnS, XRD on the powder precipitates 
was performed. The powder was prepared by centrifuging in the order of the 
precursor solution, the deionized water solution containing the precipitate, the ethanol 
solution containing the precipitates for several times. XRD of SnS was tested in the 
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2θ range of between 20° and 60°. However, XRD pattern of SnS powder exhibited 
peaks only in the 2θ range of between 24.5° and 45°, shown in Figure 3.7. A few 
broad peaks presented in the XRD pattern. The main broad peaks are at 2θ = 26.7°, 
31.7°, and 39.1°, which can be indexed to planes (1 2 0)/(0 2 1), (1 0 1)/(1 1 1)/(0 4 0), 
and (1 3 1)/(0 4 1) of herzenbergite SnS (JCPDS card no. #39-0354). From XRD data, 
some peaks appeared to be broad due to small crystallite size broadening and 
neighboring diffraction peaks overlapping. The two peaks of 2θ (1 2 0) = 26.1° and 2θ (0 
2 1) = 27.0° overlapped and appeared to be the 26.7° broad peak, the three peaks of 2θ 
(1 0 1) = 30.8°, 2θ (1 1 1) = 31.7°, and 2θ (0 4 0) = 32.1° to be the 31.7° broad peak, and the 
peaks of 2θ (1 3 1) = 39.0° and 2θ (0 4 1) = 39.3° to be the 39.1° broad peak. The 
individual peaks were distinguished after Gaussian fitting as shown in insets (a), (b), 
and (c) of Figure 3.7. Grain Size D can be determined from Scherrer equation as in 
Eq. (3.2), FWHM values for peaks of (1 2 0), (0 2 1), (1 0 1), (1 1 1), (0 4 0), (1 3 1), 
and (0 4 1) planes are 1.30°, 1.30°, 0.70°, 0.70°, 0.70°, 1.32°, and 1.32° respectively. 
The grain sizes are then 6.2, 6.2, 11.6, 11.7, 11.7, 6.3, and 6.3 nm for these peaks, 
respectively. 
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Figure 3.7 XRD pattern of SnS powder obtained using CBD. The insets (a), (b), and (c) 
showed the individual peaks after Gaussian peak fitting the three broad peaks at 2θ = 26.7°, 
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Figure 3.8 (a) The selected area electron diffraction pattern of the SnS using TEM, (b) The 
TEM image of SnS nanoparticles. 
The structure of the SnS nanoparticles was further studied using transmission 
electron microscopy (TEM). Figure 3.8 shows a high resolution transmission electron 
microscopy (HRTEM) image and an electron diffraction pattern of the as-prepared 
SnS powder sample with a deposition time of 60 mins. The selected-area electron 
diffraction pattern, in Figure 3.8(a), shows a series of diffraction rings. This indicates 
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that the SnS powder sample was constituted of many small nanocrystals. The 
diffraction rings were indexed to be from (1 1 0), (1 0 1), (0 4 1), (2 1 1), and (2 3 1) 
planes of SnS with orthorhombic structure, respectively. HRTEM image of SnS in 
Figure 3.8(b) shows the grain size of SnS nanocrystals was ~6 nm. This grain size of 
SnS synthesized by CBD was much smaller than the literature reported ~180 nm of 
SnS, which was obtained using an evaporation method at a substrate temperature of 
275°C by Devika et al. 
[51]
.  
The composition of the SnS sample was estimated using EDS, and the S/Sn 
atomic ratio was 1.03. Since EDS is not a good tool for the characterization of precise 
chemical composition, another chemical composition analysis, ICP-OES with 
Elementar Vario Micro Cube, was further carried out. The S/Sn atomic ratio was 
found to be 1.06. Reddy et al. 
[60]
 reported a nearly stichiometric SnS with Sn/S 
atomic ratio of 1.01 using thermal evaporation in ultrahigh vacuum. Albers et al. 
[61]
 
reported pure SnS showing p-type conduction and this conductivity was caused by an 
excess of sulfur. In this study, ICP result indicates that SnS synthesized by CBD was 






Chapter 3 Synthesis and properties of CZTS related binary sulfides 
60 
Morphology of SnS film 
 
 
Figure 3.9 SEM top view image of SnS thin films with deposition for different time (a) 5 
mins, (b) 10 mins, (c) 20 mins, (d) 40 mins, and (e) 60 mins. 
The morphology of the prepared SnS was observed using SEM. Figure 3.9 
shows the SEM image of the SnS thin film deposited for 5, 10, 20, 40, 60 mins at 
75°C. Uniform films with nanowall morphology structure were observed. The length, 
thickness, and density of nanowall in SnS thin films increased with increasing the 
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deposition time. The nanowall length was about 500 nm and the nanowall thickness 
was less than 10 nm for SnS thin film deposition for 60 mins. The film morphology 
differs considerably from those reported in literature. The SnS morphology of Akkari 
et al. 
[62]
 was composed of irregularly shaped grains with typical diameter of 300 nm. 
Hankare et al. 
[63]
 used sodiumthiosulphate pentahydrate as source materials and 
obtained spherical grains of SnS. Biswas et al. 
[38]
 used hydrothermal synthesis and 
obtained SnS with nanosheet morphology in spherical assemblies. 
 
Optical and electronic properties of SnS film 
Figure 3.10(a) shows the dependence of transmittance (T) of SnS thin films 
deposited for different time on the wavelength (λ) over the range of 200-3000 nm. The 
longer deposition time corresponds to a larger thickness. The thicknesses of the 
samples were 17, 70, 270, 500 and 900 nm for the films deposited for 5, 10, 20, 40 
and 60 mins, respectively. When the film was thinner, the transmittance was higher. 
The absorption coefficient (α) was estimated from the measured transmittance (Tλ), 
absorbance (Abs) and thickness (t) following the formula: 
ln(1/ ) ln10 2.303
( ) ( ) ( )
T Abs Abs




 ＝                      (3.5)  




 at 800 nm, which is good for 
application in solar cells. In order to determine the optical band gap of this 
semiconductor, the following equation 
[64]
 was used:  
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( ) ( )n gh A E h                                       (3.6)  
where n = 2 for a direct transmission, n = 1/2 for an indirect transmission. The Tauc's 
plot of (αhν)1/2 and photon energy (hν) is shown in Figure 3.10(b). The band gap 
energy was obtained by extrapolating the linear portion to intersect the (hν) axis. 
 
Figure 3.10 Optical properties of SnS thin films by CBD deposited for different time 
measured using UV-Vis-NIR spectrometer (a) Plot of optical transmittance vs. wavelength, 
(b) Tauc‟s plot of (αhν)1/2 vs photon energy (hν), where α is the absorption coefficient. 
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The optical indirect band gap was also determined using another method, the 
Abs-wavelength Curve fitting (AWCT) 
[65]
, in which the thickness is not required. 
Figure 3.11 shows the curve fitting of the experimental results. The Matlab software 





( )Abs C C
 
                                    (3.7)  
01240 /gE                                           (3.8)  
 
Figure 3.11 The experimentally determined curve of absorbance (Abs) vs. wavelength (λ) for 
SnS thin film deposited for 60 mins (the solid line), and the fitted curve (dash line) according 
to Eq. (3.7). 
Optical band gaps determined using Tauc's plot method and AWCT method were 
listed in Table 3.2. The band gaps using these two methods are similar. The band gap 
of the 900 nm SnS film was about 1.19 eV, close to 0.96-1.14 eV via heat treatment 
obtained by Tanusevski et al. 
[40]
, but lower than 1.51 eV reported by Pramanik et al. 
[26]
. When the SnS thickness was less than 500 nm, the band gap increased with the 
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thickness. This phenomenon was also found in CdTe film by Sathyamoorthy et al. 
[66]
. 
However, the band gap of the SnS film sample with the 900 nm thickness is slightly 
lower than that of the sample with 500 nm thickness. When the film grown on the 
glass substrate was very thin, crystal lattice strain could be larger due to mismatch 
between the film and substrate, and the band gap was lower. As the neighboring atoms 
approach each other with compression of the solid, basis functions overlap more 
strongly, producing increased dispersion of the electron bands in k space and 
consequently increased bandwidths along the energy axis 
[67]
. The increase in band 
gap with the film thickness could be accounted for larger compression effects with the 
film thickness. The slight decrease in optical band gap with the film thickness beyond 




Table 3.2 The optical indirect band gap Energy (Eg) of SnS thin films with different 
thickness. 
 
Deposition time 10 mins 20 mins 40 mins 60 mins 
Thickness (nm) 70±20 270±20 500±20 900±20 
Eg (eV) Tauc 0.82 1.07 1.22 1.19 
Eg (eV) AWCT 0.86 1.06 1.20 1.17 
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Figure 3.12 The plot of ln(R0/R) vs 1000/T for the SnS film sample grown on glass for 60 
mins to obtain the electronic activation energy. 
To find the electronic activation energy, the thermal electronic property of SnS 
was investigated for the thin film deposited for 60 mins. From the temperature 
dependent resistance studies, the electronic activation energy Ea of this SnS film 








                                        (3.9)  






   

                                  (3.10)  
R is bulk resistance; g is a geometric parameter that is assumed to be constant. 





                                        (3.11)  
Ea is electronic conductivity activation energy, kB is the Boltzmann constant; 8.6×10
-5
 
eV/K, T is temperature with unit of K. The resistance of SnS film on glass at different 
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temperatures was measured using a multimeter. The resistance of the SnS film on 
glass below 110°C is very large, more than 2 GΩ that is beyond the limitation of the 
multimeter. When the temperature increased to 111°C, the resistance of SnS film can 
be measured. And the resistance decreased with the increasing temperature. The plot 
of ln(R0/R) and 1000/T according to Eq. (3.11) is shown in Figure 3.12, in the 1000/T 
range of 2.6-2.4 K
-1
, corresponding to the temperature range of 111-144°C. The 
electronic conductivity activation energy is found to be 0.22 eV. Because the Sn ionic 
radius of VI coordination is 0.69 Å and S ionic radius of VI coordination is 1.84 Å 
[70]
, 
it is easier to form Sn vacancies than S interstitials. In this study, slightly S-rich SnS 
might have Sn vacancies rather than S interstitials. Therefore, the electronic 
conductivity activation energy of 0.22 eV is due to acceptor levels of Sn vacancies. 
This agrees with Ristov et al. 
[71]
 and Devika et al. 
[51]
: they obtained SnS film using 
thermal evaporation had 0.23 eV and 0.28-0.34 eV electronic conductivity activation 
energy, respectively. Lopez et al. 
[72]
 and Reddy et al. 
[73]
 reported that CZTS prepared 
using spray pyrolysis had electronic conductivity activation energy of 0.54 eV and 
0.45 eV. The Ea = 0.22 eV was less than Eg/2 indicating extrinsic semiconductor 
property of the SnS film. 
The conduction type of SnS thin film was tested using the Seebeck method. The 
two ends of SnS film sample were connected to a multimeter. One end of the SnS film 
was connected to the COM port, and the other end to the mV-Ω port of the multimeter. 
The multimeter showed 0.00 mV. When the sample end connecting to the V-Ω port 
was heated, the multimeter showed a negative value. Furthermore, the voltage 
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becomes more negative with a temperature increase. This indicated p-type conduction 
of the SnS film sample. To further confirm SnS film p-type, the end of SnS film 
sample connecting to the COM port of the multimeter was heated, the multimeter 
showed a positive voltage and this positive voltage increases with temperature 
increase. This Seebeck experiment confirmed that the SnS film possessed p-type 
conduction. 
The photoconduction of nanowall SnS thin films with different deposition times 
was investigated. The transparent conducting indium tin oxide (ITO) layer, on which 
the SnS film layer was deposited, and the indium disc mounted on the sample were 
employed as the two electrodes contacting the two sides of the SnS film. The test 






) as shown in the lower right inset 
of Figure 3.13. I-V curves of the samples in dark and under illumination were 
determined. The light from the solar simulator source entered the sample from the 
transparent ITO side. It is seen that the gradient of the I-V curve under illumination is 
greater than that of the I-V curve under dark condition (see the upper left inset of 
Figure 3.13). This indicates the conductivity of the SnS sample became higher under 
the illumination due to photon-induced carriers.  
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Figure 3.13 The photosensitivity (Gi−Gd)/Gd of the SnS film samples deposited for 20, 40 
and 60 mins, where Gi and Gd are the conductances of the SnS film sample after and before 
turning on the illumination. The left inset shows the I-V curve of the SnS thin film deposited 







) for the I-V measurement. 
To compare photoconductances of these samples, we define the photosensitivity 
(Gi−Gd)/Gd, where Gi and Gd are the conductances after and before turning-on the 
solar simulator illumination. Figure 3.13 shows (Gi−Gd)/Gd as a function of the 
deposition time for the SnS film. It should be noted that no photosensitivity was 
obtained for the SnS samples deposited for 5 and 10 mins, due to the contact of tin 
with ITO because of the incomplete coverage of SnS on the ITO layer. Therefore, 
only data for the SnS films deposited for 20 mins, 40 mins and 60 mins are presented. 
Each sample was measured at least 5 times. The photosensitivity of the SnS sample 
deposited for 60 mins reaches 24.3%, which should be higher if the electrode Sn is 
deposited rather than mounted on the SnS layer. It is seen that the photosensitivity 
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(Gi−Gd)/Gd increases with the deposition time of the SnS layer. This is probably 
because the height of nanowalls or the surface area of the SnS film increases with 
deposition time, and more photon-induced carriers are generated under illumination. 
 
Photovoltaic properties of SnS/TiO2 structure 
The highest conversion efficiency of 1.3% for SnS-based solar cell, CdS/SnS 
heterostructure, was ever reported by Reddy et al. 
[32]
. However, CdS is not a good 
choice for solar cells due to the high toxicity of Cd. Therefore, it is necessary to 
fabricate Cd-free SnS based solar cell. In this section, wide band gap TiO2, an 
abundant and nontoxic material, was used to combine with SnS. A heterostructure 
SnS/TiO2 was fabricated to evaluate photovoltaic behavior of this cell.  
For the cell structure, one FTO substrate slide coated with the porous TiO2 layer 
served as the front electrode; SnS layer was deposited for 60 mins on porous TiO2 
layer; a platinum (Pt) coating layer on the other FTO substrate slide was faced to SnS 
layer and served as the back electrode. 
This photovoltaic structure of FTO/Pt+SnS/TiO2/FTO under illumination had not 
apparent photovoltaic properties and the conversion efficiency was lower than 0.02%. 
This poor efficiency was possibly due to the poor conductivity of SnS and TiO2, 
which resulted in the poor rates in the separation and collection of the electron-hole 
pairs generated.  
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Figure 3.14 Current density-Voltage (J-V) plot of the SnS/TiO2 cell in the dark and under 
illumination of 100 mW/cm
2
. The inset SEM showed the cross-section image of the structure 
based on SnS on TiO2. 
To improve the conductivity, electrolyte was added, and the cell structure was 
FTO/Pt+electrolyte+SnS/TiO2/FTO. Photovoltaic behavior was observed for this cell 
structure. Figure 3.14 presents the current density-voltage characteristic of the 
FTO/Pt+electrolyte+SnS/TiO2/FTO structure in the dark and under 1 sun (100 
mW/cm
2
) AM 1.5 light illumination, respectively. The active area measured from film 
dimensions was ~0.52 cm
2
. The rectifying behavior appeared in both the dark and 
under illumination conditions. Under illumination, the cell exhibited a high open 
circuit voltage (Voc) of 471 mV, a short circuit current density (Jsc) of 0.30 mA/cm
2
, 
conversion efficiency (η) of 0.10%, and a fill factor (FF) of 0.71. Roc and Rsc, which 
were equal to dV/dI at I = 0 and V = 0 (see Figure 3.14), were 270 Ω and 34936 Ω, 
respectively. A small open circuit resistance (Roc) and large short circuit resistance 
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(Rsc) indicate a high working power of solar cell. In this work, Roc and Rsc were 
automatically calculated from the I-V curve using the system of Newport‟s new Oriel 
I-V test station with Keithly 2420. The value of Voc was higher than 260 mV of the 
CdS/SnS photovoltaic structure reported by Avellaneda et al. 
[74]
, and 405-460 mV of 
the TiO2/In2S3/CIS solar cell reported by O‟Hayre et al. 
[75]
 Although the conduction 
of this cell with electrolyte is still not so good, it is better than the structure without 
electrolyte. Some electrons and holes generated under illumination are separated and 
collected by the electrodes, and this test cell showed the conversion efficiency of 
0.10%. The efficiency of 0.10% is close to 0.21% of the 9 nm TiO2/In2S3/CIS solar 
cell 
[75]
 where expensive indium and selenium were used.  
To confirm SnS layer playing a role in the photovoltaic behavior for the cell 
structure of FTO/Pt+electrolyte+SnS/TiO2/FTO, the FTO/Pt+electrolyte+TiO2/FTO 
structure, a cell structure without SnS layer, was fabricated. Its active area was 0.46 
cm
2
. Under illumination, there was a conversion efficiency (η) 0.03%. With the 
presence of SnS layer, higher conversion efficiency indicated better photovoltaic 
performance. Obviously, the efficiency of our SnS/TiO2 cell is much lower than those 
of the well developed solar cells such as GaAs, CIGS, and CdTe solar cells. However, 
this is the first demonstration of the photovoltaic behavior of SnS/TiO2 structure and 
there is much space for further improvement. 
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3.4 Conclusions 
Nanocrystalline CuS, ZnS and SnS were successfully prepared by CBD. These 
sulfides will be used as precursors in CZTS preparation in Chapter 4. An in-depth 
study of SnS was performed due to its potential as an absorber in a solar cell.  
Through a simple and cost-effective method, chemical bath deposition, SnS 
powder and a series of SnS thin films with different thickness were prepared. The 
structural, optical, electronic, and photosensitivity of SnS were carefully characterized. 
The effects of thickness on these properties were investigated. A simple photovoltaic 
device based on SnS film was achieved to evaluated SnS film in solar cell application. 
The major conclusions can be drawn as follows: 
Nanocrystalline SnS powders and uniform SnS films with nanowall morphology 
were prepared by cost-effective chemical bath deposition at 75°C. The XRD pattern 
and SAED rings showed that SnS samples were slightly S-rich polycrystalline 
herzenbergite SnS with orthorhombic structure. Its absorption coefficient was high in 




, which is beneficial for a photovoltaic 
device. The optical indirect band gap of SnS film was in the range of 0.82-1.22 eV. 
The band gap increased with the increase of film thickness in the range of less than 
500 nm. When thickness was more than 500 nm, the band gap slightly decreased with 
film thickness. The photosensitivity of the nanowall SnS thin film increased with the 
increase of the film thickness. The SnS obtained had p-type conduction and 0.22 eV 
of electronic activation energy. A photovoltaic structure based SnS/TiO2 exhibited 
photovoltaic behavior, which has an open circuit voltage of 471 mV, a current density 




, and the conversion efficiency of 0.1% under illumination with 100 
mW/cm
2
 intensity. SnS is shown to be a candidate of absorber material in solar cells. 
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Chapter 4 CTZS synthesized by 
solid-state reaction and properties 
 
4.1 Introduction 
Quaternary chalcogenide Cu2ZnSnS4 is a promising candidate for low cost and 
nontoxic absorbers in photovoltaic devices 
[1-4]
 due to its abundance, low toxicity, 
suitable direct band gap and high photon absorption in visible light range. It is a 
p-type semiconductor with a band gap of 1.45-1.51 eV 
[1,5] 
and a tetragonal crystal 
structure 
[6]
. CZTS solar cells have theoretical conversion efficiency of 30% 
[7]
.  
CZTS had been prepared using various physical vacuum methods and 
solution-based methods such as sputtering, evaporation, PLD, electrodeposition, 
sol-gel, spray pyrolysis, etc. which were reviewed in details in Chapter 1. In physical 
vacuum methods, expensive high vacuum technology and high annealing 
temperatures (above 500°C) are used in the processes. The solution-based methods 
avoid the above drawbacks, but they are also not ideal for preparing CZTS because of 
the presence of secondary phases in CZTS. In addition, these methods are generally 
followed by sulfurization using toxic H2S gas.  
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Considering environmental and energy conservation issues, a method free of 
toxic gases, high vacuum facilities, and high annealing temperature is constantly 
being pursued. In this chapter, we report the fabrication of single phase CZTS by 
solid-state reaction directly from nanocrystalline binary sulfides CuS, ZnS, and SnS. 
CZTS films were fabricated by screen printing using this CZTS powder. 
In the process of CZTS preparation by solid-state reaction, there is no toxic H2S 
gas used. Most importantly, CZTS was formed at a temperature much lower than 
those reported in literature. The formation mechanism of CZTS and the effects of 
annealing temperatures on the structural, optical, and electronic properties of CZTS 
powders were investigated. A simple CZTS/TiO2 photovoltaic device structure was 
fabricated to investigate its photovoltaic behavior.  
 
4.2 Experimental details 
Nanocrystalline CuS, ZnS, and SnS powders were synthesized by CBD
 
method 
as discussed in Chapter 3 and our paper 
[8]
.The powders of these metal sulfides were 
obtained by cleaning and centrifuging the sediments in deionized water and ethanol 
for several times followed by drying them in the oven at 50°C. 
CZTS was obtained by solid-state reaction from nanocrystalline CuS, ZnS, and 
SnS powders. CuS, ZnS, and SnS were weighed according to their stoichiometric 
ratios in CZTS. These nanocrystalline powders were mixed and manually ground for 
30 mins in an agate mortar. The mixture of CuS, ZnS and SnS powders put into silica 
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boat was annealed in a tube furnace for 1 hour under 1.0×10
−2
 Torr. To overcome the 
S deficiency problem in CZTS, a few pieces of sulfur were positioned at a low 
temperature (~110°C) zone region in the tube furnace to generate a sulfur rich 
ambience. The annealing process was conducted at different temperatures of 200, 300, 
350, 400, 450, and 500°C for 1 hour. 
To demonstrate the application of CZTS in solar cell, a simple photovoltaic 
structure of CZTS/TiO2 was fabricated using CZTS nanopowder. The structure of this 
photovoltaic device is like that of TiO2 DSSC. A dense TiO2 layer was deposited on 
FTO glass, and then a porous TiO2 layer deposited from TiO2 paste by screen printing. 
TiO2/FTO served as the front electrode. CZTS nanopowder was dispensed in ethanol 
after magnetic stirring. Some CZTS nanopowder adhered on TiO2 surface through 
laying TiO2/FTO substrate in CZTS ethanol suspension for 24 hours. A Pt coating 
layer on the other FTO substrate slide was faced to CZTS and served as the back 
electrode. The TiO2 device assembly referred to the fabrication of SnS/TiO2 
photovoltaic device in Chapter 3.  
The crystal structures of the CZTS powder samples were characterized using the 
Bruker XRD with CuKα radiation (step size of 0.02°, scan speed of 0.6 s/step, and 2θ 
in range from 20° to 70°). TEM-elemental mapping images of CZTS powder samples 
were recorded using a JEOL 2010F TEM. The optical absorbance of CZTS powder 
and film samples were measured using Varian Cary 5000 UV-Vis-NIR spectrometer. 
The test CZTS powder samples for UV-Vis-NIR measurements were semi-transparent 
pellets prepared by pressing uniform mixtures of the samples and transparent KBr 
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powders in a mass ratio of 1:30 under 5 tons of pressure. A transparent KBr pellet, 
with the same mass as the test sample, was used as reference. The Raman spectra 
were obtained using LabRam HR800. The resistivity of the powder samples, CZTS 
pellet (with thickness of about 400 μm and diameter of 1 mm, pressed from the CTZS 
powder under 5 tons of pressure) was measured with a four point probe. I-V curves of 
CZTS/TiO2 photovoltaic device were measured and the critical parameters such as Isc, 
Jsc, Voc, FF, η, Rsc, and Roc were calculated using Newport‟s new Oriel I-V test station 
with Keithly 2420. The light source used in this cell measurement was the Newport 
1000 W Oriel
®
 Solar Simulator. 
 
4.3 Results and discussions 
4.3.1 Formation and structure of CZTS powder by solid-state 
reaction 
As shown in Figure 4.1(a), the XRD patterns of SnS and CuS powders obtained 
by CBD were indexed to be orthorhombic SnS (JCPDS card no. #39-0354) and 
hexagonal CuS (JCPDS card no. #65-3588). The XRD pattern of ZnS powder 
obtained by CBD had only one main hump around 28.6°. ZnS
a
 sample (ZnS powder 
sample after annealing at 350°C) further confirmed ZnS sample indexed to be cubic 
ZnS (JCPDS card no. #65-5476). The grain size of the powders was estimated using 
Scherrer‟s equation refer to Eq. (3.2). The grain sizes of the CuS and SnS powders 
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were ~23 and ~6 nm, respectively. The grain size of the as synthesized ZnS powder 
was ~6 nm from transmission electron microscopy observations. 
 
 
Figure 4.1 (a) XRD patterns of nanocrystalline CuS, ZnS, and SnS powders obtained by 
chemical bath deposition, and the XRD pattern of ZnS powder after annealing at 350°C 
(sample ZnS
a
), (b) XRD patterns of the powders obtained after annealing the mixture of the 
binary sulfides at different temperatures of 200, 300, 350, 400, 450, and 500°C. 
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To obtain CZTS powder, a uniform mixture of nanocrystalline binary sulfides, 
CuS, ZnS, and SnS, in atomic ratio of 2:1:1, were annealed at temperatures of 200, 
300, 350, 400, 450, and 500°C for 1 hour. Figure 4.1(b) shows XRD patterns of these 
annealed samples. There were no obvious peaks present after the sample was 
annealed at 200°C, possibly due to an amorphous nature. However, the XRD patterns 
of the samples after annealing at 300, 350, 400, 450, and 500°C exhibited three strong 
peaks at 2θ = 28.5°, 47.3°, and 56.1°, which were indexed to the (1 1 2), (2 2 0), and 
(3 1 2) planes of the kesterite CZTS (JCPDS card no. #26-0575, space group: I4 ). In 
addition to these strong peaks, there were weak peaks which also could be assigned to 
other planes of CZTS in Figure 4.1(b). This indicates that the CZTS quaternary 
compound was formed according to the following equation: 
2 42CuS + ZnS + SnS Cu ZnSnS                          (4.1)  
The above results suggest that CZTS could be formed by annealing the mixture of 
binary sulfide powders, compared to previous work of unidentified peaks 
[9]
 and atom 
beam sputtered CZTS film with preferred [1 1 2] orientation 
[1]
.  
It was noted in our study that CZTS was formed by annealing the mixture of 
nanocrystalline CuS, ZnS, and SnS powders at a temperature as low as 300°C for 1 
hour, which was much lower than the high temperature annealing in obtaining CZTS 
compound as reported in literature. Nitsche et al. 
[10]
 obtained CZTS compound by 





 prepared the CZTS film with high source temperatures of 1300, 1400, 
300, and 80°C for Cu, Zn, Sn, and S, respectively, and a high substrate temperature of 
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500°C by using co-evaporation under high vacuum ~7.5×10
−7
 Torr. It is worth 
highlighting the greatly reduced annealing temperature (300°C) in the formation of 
CZTS in our method. It is well known that both the melting temperature and phase 
transformation temperature of a nanoparticle decrease significantly with particle size 
[11]
. Kong et al. 
[12] 
also reported the formation of lead zirconate titanate (PZT) 
ceramics by sintering milled oxide mixtures with average particle size less than 100 
nm at a temperature of 770°C, lower than the annealing temperature of 850°C in the 
traditional solid-state reaction process. There were two possible factors contributing 
to the low formation temperature of CZTS in this study. The first reason was that the 
synthesized binary sulfides are nanoparticles. The other factor was that the mixture of 
these nano-sized binary sulfides provided a larger interface area, resulting in faster 
diffusion of atoms or ions. XRD patterns suggest that pure CZTS phase was formed 
from the binary sulfides mixture after annealing at 350-450°C, in contrast to Schorr et 
al. 
[13]
 who claimed that pure CZTS could not be formed by annealing CuS, ZnS, and 
SnS at a temperature below 570°C. 
The XRD pattern of the sample annealed at 300°C shows a weak peak which 
was assigned to the CuS (1 0 3) plane. TEM-elemental mapping of Cu, Zn, Sn, and S 
for the sample after annealing at 300°C shows (see Figure 4.2) that Cu, Zn, Sn, and S 
were distributed in the powders, indicating that CZTS was formed at 300°C. 
However, in the small area inside the circle in Figure 4.2, the amounts of Cu and S 
were much more than Zn and Sn, suggesting the presence of small CuS grains, 
consistent with the XRD result of the sample after annealing at 300°C. 




Figure 4.2 TEM-elemental mapping of the CZTS powder sample obtained after annealing the 
mixture of CuS, ZnS, and SnS nanocrystallites at 300°C.  
The XRD pattern of the sample after annealing at 500°C also shows two weak 
peaks which were indexed as the (1 0 2) and (1 0 3) planes of Cu2S (JCPDS card no. 





found the existence of SnS2 in the CZTS sample. In his study, Cu/Sn/Zn layers and S 
after annealing could form CZTS, and the residual Sn element reacted with S to form 
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SnS2 compound. Moriya et al. 
[14]
 reported that the presence of Cu2S after annealing at 
high temperatures might be attributed to the presence of a high concentration of 
copper in their sample. Recently, two research groups 
[15,16] 
used first-principles 
simulations to study the phase stability of CZTS. They found that the region of stable 
CZTS phase was very small: slight deviations from the optimal growth conditions 
would result in the formation of other sulfide precipitation, including ZnS, Cu2SnS3, 
SnS, SnS2, and CuS. The existence of Cu2S in the sample annealed at 500°C suggests 
that the annealing temperature range for obtaining a stable CZTS sample was very 
narrow.  
It was found that the full width half maximum of the XRD peaks became 
narrower with increasing annealing temperature. The grain sizes of these samples 
after annealing were estimated using Eq. (3.2) that is applicable to grain sizes less 
than 100 nm. The grain sizes of the samples after annealing at 300, 350, 400, and 
450°C were 14, 41, 74, and 85 nm, respectively. This indicated the formation of larger 
CZTS crystallites with increasing annealing temperature. The lattice parameters of 
CZTS films with tetragonal structure were calculated from the equation 
[17]
: 
2 2 2 2
2 2 2 2





                                (4.2)  
The lattice parameters determined from the observed d (1 1 2) and d (2 2 0) spacings were 
a = 5.439 Å and c = 10.842 Å, in good agreement with the reported single crystal data 
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Figure 4.3 The Raman spectra for the ZnS powder sample and CZTS powder sample 
obtained after annealing the mixture of CuS, ZnS, and SnS nanocrystallites at 450°C. 
Although CZTS peaks were identified using XRD, it should be noted that ZnS 
and CZTS have similar XRD peak positions. To examine that the samples are CZTS 
rather than ZnS, Raman spectroscopy is a promising method because CZTS and ZnS 
have different Raman spectra due to their different vibration features. Himmrich et al. 
[18]
 reported that CZTS has three Raman shift peaks of 336, 285, and 362 cm
−1
. They 
attributed the first two Raman shift peaks as the total symmetric vibration of CZTS 
[19]
. 
Brafman et al. 
[20]
 reported that ZnS exhibited a Raman shift peak located at 351 cm
−1
. 
Figure 4.3 shows a strong peak at 331 cm
−1
, and two other weaker peaks at 284 and 
360 cm
−1
 in the Raman spectrum for the CZTS powder sample obtained after 
annealing at 450°C. Raman scattering spectrum of ZnS sample prepared by CBD 
tested for comparison and shows two peaks of 262 and 343 cm
−1
 appeared, which 
were similar to 271 and 352 cm
−1
 attributed to the LO and TO phonon energies of ZnS 
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reported by Nilsen 
[21]
. Thus, the Raman shift peaks confirmed that the sample was 
CZTS, rather than ZnS. Nien et al. 
[ 22 ]
 reported that the Raman peak of 
nanocrystalline CdSe appeared at 201.4 cm
−1
, and exhibited red-shift of their Raman 
shift peaks in comparison to the Raman shift peak at 209 cm
−1
 of bulk CdSe. Peak 
broadening was also observed with decreasing crystal size due to the negative phonon 
curve 
[23]
. Compared to the work of Himmrich et al.
 [18]
, the red-shift of Raman peaks 
of the CZTS samples indicates the small CZTS grain size, which was consistent with 
XRD results. 
 
4.3.2 Optical and electronic properties 





. The optical band gap of CZTS was investigated using UV-Vis-NIR 
spectrometry and calculated according to Tauc‟s law, 
2( ) ( )ghv A E hv                                       (4.3)  
where α is the absorption coefficient (unit in cm−1), hν is the photon energy (unit in 
eV), A is a constant, and Eg is the direct band gap (unit in eV). The plot of (αhν)
2
 and 
hν is shown in Figure 4.4. The direct optical band gap energies of CZTS-KBr pellet 
were obtained by extrapolating the linear portions of the plots to intersect the (hν) axis. 
The direct band gaps values of CZTS-KBr pellet samples were 1.96, 1.78, 1.70, 1.56, 
1.47, and 1.41 eV, for the samples after annealing at 200, 300, 350, 400, 450, and 
500°C, respectively. 
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Figure 4.4 Tauc‟s plot of (αhν)2 vs photon energy (hν) for the samples obtained after 
annealing the mixture of CuS, ZnS, and SnS nanocrystallites at different temperatures of 200, 
300, 350, 400, 450, and 500°C.  
The band gap energy decreased with increasing annealing temperature. The 
direct optical band gaps of CuS, ZnS, and SnS have been reported to be about 1.7 eV 
[26]
, 2.2 eV 
[27]
, and 3.7 eV 
[28]
, respectively. This suggests band gaps of these binary 
sulfides are different from the band gaps of the CZTS samples. Based on the XRD 
patterns (see Figure 4.1(b)), the samples after annealing at 350, 400, and 450°C were 
confirmed to be CZTS. The samples after annealing at 300°C and 500°C were mainly 
CZTS, but the former showed a weak CuS peak, and the latter showed weak Cu2S 




For the sample annealed at 
200°C, no obvious XRD peaks were found and weak CuS peaks were present, hence 
the phase of this sample could not be determined accurately. It is well known that 
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band gap increases with decreasing nanometer particle size due to the quantum 
confinement effect 
[30]
. The grain size of the CZTS powders was shown to increase 
with annealing temperatures. Therefore, the optical gap decreased with increasing 
annealing temperature, likely due to the quantum confinement effect. This 
phenomenon was similar to that reported by Moriya et al.
 [14]
 The band gap (1.47 eV) 






 of a bulk CZTS 
sample. The suitable band gap of an absorber material for solar cell applications is in 
the range of between 1.1 and 1.7 eV. The CZTS sample after annealing at 450°C 




 at the optical band gap 
energy. 
The 
from the powders under 5 tons of pressure to test the electrical resistivities of CZTS 
samples. The resistivities were measured using the four point probe method. The 
resistivities of 0.05, 0.03, and 1.06 Ωcm were tested for the CZTS powder samples 
after annealing at 300, 400, and 450°C, respectively. The resistivities of CZTS 
samples after annealing at 300 and 400°C were much lower than those for the sample 
annealed at 450°C. This is possibly due to traces of CuS in CZTS after annealing at 




 Ωcm [31,32]. 
The resistivities obtained were larger than 0.02-0.47 Ωcm for CZTS obtained by 
Pamplin et al. 
[33]
 and Seol et al. 
[34]
 but smaller than the resistivity of 2×10
2
 Ωcm for 
CZTS obtained by Nakayama et al. 
[35]
. Electrical conduction type of CZTS was 
determined by Seebeck measurement. The COM port of the multimeter connected to 
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the hot end of the sample became more negative when the temperature at the hot end 
was increased, indicating p-type character of our CZTS samples. Nagoya et al. 
[16]
 
reported that Cu at the Zn site (CuZn) was the most stable defect in the entire stability 
range of CZTS. It was this CuZn defect which contributed to the p-type conduction 
[36]
 
and increased the hole conductivity (low resistivity) of CZTS 
[37]
. In this study, the 
low resistivity of ~1 Ωcm of the CZTS sample would be favorable in absorber 




4.3.3 Photovoltaic behavior of CZTS/TiO2 structure 
Generally, CZTS/CdS is the conventional p-n junction solar cell structure, 
however Cd is very toxic. The above results show that CZTS has a high 
photosensitivity. It is interesting to see whether CZTS can serve the function of dye in 
a TiO2 dye solar cell. Since dye is organic that cannot avoid UV radiation induced 
degradation problem, a demonstration and study of a stable inorganic CZTS serving 
the function of dye in a TiO2 DSSC becomes very meaningful. In this study, a 
CZTS/TiO2 solar cell, with CZTS to replace the sensitizer dye in the TiO2 dye solar 
cell was fabricated. A p-type CZTS appears to be an absorber similar to dye, so it may 
be possible that the CZTS/TiO2 can also show photovoltaic performance.  
In this preliminary test structure, CZTS nanopowder prepared by solid-state 
reaction after annealing at 450°C for 1 hour as the absorber was deposited on a TiO2 
coated FTO (F doped tin oxide) glass slide that served as the front electrode. A Pt 
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coated FTO glass slide, serving as the back electrode, was in touch with CZTS of the 
CZTS/TiO2 coated slide. The active area measured from film dimension was 0.25 cm
2
. 
A conventional liquid electrolyte for dye solar cell was filled into this cell structure, 
and the cell structure was FTO/Pt+electrolyte+CZTS/TiO2/FTO. 
 
 
Figure 4.5 SEM-elemental mapping of the CZTS/TiO2 cell from top view. 
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Figure 4.6 SEM-elemental mapping of the CZTS/TiO2 cell from cross-section view. 
SEM-elemental mapping of Cu, Zn, Sn, and S from top view of CZTS on TiO2 
sample shows (see Figure 4.5) that Cu, Zn, Sn, and S were distributed in CZTS 
nanopowder. And this CZTS particles were distribute on the TiO2 surface. To study 
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whether the smaller CZTS particles into the porous TiO2, SEM-elemental mapping of 
these elements from cross section view of CZTS/TiO2 were observed (see Figure 
4.6). This indicates that CZTS did not fill the pore of TiO2 but was present on the 




Figure 4.7 Current density-Voltage (J-V) plot of the CZTS/TiO2 cell in the dark and under 
illumination of 100 mW/cm
2
.  
This photovoltaic structure of FTO/Pt+CZTS/TiO2/FTO under illumination does 
not show photovoltaic behavior. Electrolyte was filled into this cell structure, and the 
cell structure was FTO/Pt+electrolyte+CZTS/TiO2/FTO. Photovoltaic behavior was 
observed for this cell structure. Figure 4.7 presents the current density-voltage 
characteristic of the FTO/Pt+electrolyte+CZTS/TiO2/FTO structure in the dark and 
under 1 sun (100 mW/cm
2
) light illumination, respectively. The rectifying behavior 
appeared both in the dark and under illumination. Photovoltaic behavior was observed. 
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Under illumination, the cell exhibited a high open circuit voltage (Voc) of 631 mV, a 
short circuit current density (Jsc) of 0.71 mA/cm
2
, a conversion efficiency (η) of 
0.29%, and a fill factor (FF) of 0.63. Roc and Rsc were determined to be 474 Ω and 
86457 Ω, respectively.  
A very low efficiency of 0.03% was found for a FTO/Pt+electrolyte+TiO2/FTO 
structure under illumination (see Chapter 3), indicating that CZTS absorber has strong 
photovoltaic effect. The conversion efficiency of 0.29% our CZTS/TiO2 cell was 
higher than 0.10% of SnS/TiO2 cell structure, and 0.21% of the TiO2/In2S3/CIS solar 
cell 
[41]
. The still low efficiency of this cell might be on account of small interface area 
between CZTS/TiO2. It is expected that a higher efficiency can be achieved if a 
sufficient number of CZTS particles can be deposited not only on the surface but also 
inside TiO2 in this cell. 
Even though this simple cell just has low efficiency of 0.29%, it is the first 
demonstration of the photovoltaic behavior of CZTS/TiO2, which indicates that 
nontoxic and cost-effective CZTS is a promising photovoltaic material. Furthermore, 
there is a big space for the improvement, as CZTS particles are only on TiO2 surface. 
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Figure 4.8 Operation principle of CZTS/TiO2, this refers to DSSC 
[42]
, all the energies 
referred to the vacuum. 
The operation principle of this CZTS/TiO2 cell with CZTS substituting dye in 
DSSC was discussed. TiO2 with wide band gap of 3.2 eV had a conduction band 
located close to −4.3 eV relative to vacuum [42]. CZTS had the conduction and valence 
band edge at −4.2 and −5.7 eV [43]. Platinum electrode provided a high work function 
of 5.2 eV 
[44]




) was 5.2 eV 
[45]
.As 
shown in Figure 4.8, an energetic operation of this cell, similar to DSSC 
[42]
, includes 
charges generation, separation, transportation, collection, and regeneration. When 
sunlight strikes on p-type CZTS, electron and hole pair charges are generated in 
conduction and valence band of CZTS, respectively. The photo-generated charges are 
then separated at the TiO2/CZTS+electrolyte interface due to energy difference 
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Therefore, the photo-generated electrons are injected into the conduction band of TiO2, 
and then are transported to TiO2/FTO plate by diffusion due to concentration gradient. 
When there is an external load, the free electrons migrate along this load and are 
collected by Pt electrode. These electrons at Pt electrode diffuse into redox electrolyte, 
which is used as medium carrying the electrons, and then reduce I3
−





 transport electrons into the valence band of CZTS, the 
photo-generated holes oxidize I
−
 ions to I3
−
 state, resulting in electrolyte regeneration.  
 
4.4 Conclusions 
Quaternary chalcogenide Cu2ZnSnS4 was synthesized by solid-state reaction 
from annealing the mixture of nanocrytalline CuS, ZnS, and SnS under 1.0×10
−2
 Torr 
at relatively lower temperatures than those reported in literature. The XRD results 
showed that kesterite CZTS was starting to form at 300°C, a temperature significantly 
lower than those reported in literature. It was also found that the crystallinity of CZTS 
improved with an increase in annealing temperature and the CZTS sample after 
annealing at 450°C presented the best crystallinity. This CZTS sample obtained after 
annealing at 450°C exhibited a direct band gap of 1.47eV, p-type conduction, and a 
resistivity of 1.06 Ωcm. A photovoltaic structure based CZTS/TiO2 exhibited 
photovoltaic behavior, which has an open circuit voltage of 631 mV, a current density 
of 0.71 mA/cm
2
, and a conversion efficiency of 0.29% under illumination of 100 
mW/cm
2
. This cell showed the possibility of low cost solar cell in this study.  
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There are various techniques for synthesizing CZTS 
[1-5]
 in literature. In these 
methods, either expensive vacuum technology or polluting chemicals are used in the 
processes. In Chapter 4, CZTS were prepared by solid-state reaction of CuS, ZnS, and 
SnS naonocrystallites. By considering small scale laboratory fabrication of CZTS, the 
employment of the existing methods does not appear to be a significant problem. 
However, in large scale industrial mass production, the use of expensive vacuum 
technology will increase the cost in addition to high energy consumption, and the 
usage of huge amount of chemical solutions and the generation of waste chemical 
solutions is detrimental to environment. Furthermore, the existing methods generally 
involve an additional processing step of annealing the samples at high temperature. In 
addition, environmental contamination of toxic H2S and high energy consumption are 
introduced in several of the existing methods. It would be desired to develop a 
fabrication method for CZTS that avoids an involvement of chemical solutions, toxic 
gas, or high vacuum facilities, and high annealing temperature in the fabrication of 
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CZTS. In this chapter, nanocrystalline CZTS will be fabricated by a mechanochemical 
process through ball milling without the above short-comings. Although this chapter 
will mainly focus on preparation of CZTS, it is worth to mention that the formation of 
the desired nanocrystallites is crucially important. A few leading thin film solar cell 
companies such as Nanosolar Pte Ltd, have industrially and massively manufactured 
CIGS thin film solar cells and panels by utilizing an „industrial‟ printing process to 
coat CIGS and other nanoparticle inks on low-cost aluminum foil followed by drying 
and other processes for cost-efficient solar cell products. 
Ball milling is an old but efficient method for grinding materials into fine 
powders, used for selecting mine, fabricating building materials, etc. More 
interestingly, it can induce chemical reactions in a variety of powder mixtures, 
offering direct reaction routes and a solvent free, low temperature mechanochemical 
process (MCP) 
[6]
. One great advantage, considering environmental issue, is that no 
chemical solutions are used, no chemical waste is generated, and no expensive 
vacuum facilities are employed in this process. Therefore, it is environmental friendly 
and cost-effective. A wide range of materials including CdTe 
[7]
 and CuInSe2 
[8]
 have 
been obtained from mechanical process. However, first-principles calculations reveal 
that CZTS is a material that can only be formed in very small chemical potential 
domains 
[9]
. It is not clear whether it is possible to synthesize CZTS by using the ball 
milling method. In this chapter, I will be demonstrating that CZTS can be synthesized 
by MCP through ball milling cheap elemental Cu, Zn, Sn, and S powders.  
Chapter 5 CTZS prepared by MCP and properties 
106 
5.2 Experimental details 
The starting materials, elemental Cu (99.8+%, 0.2-0.6 mm, Sigma), Zn (99.8+%, 
0.18-0.6 mm, Sigma), Sn (99.5+%, <0.6 mm, Sigma), and S pieces (99.999%) were 
weighed and mixed in atomic ratios of 2.0:1.0:1.0:4.0 according to the stoichiometry 
of CZTS, and this sample will be denoted as sample C1 in the text later. The starting 
mixture and ZrO2 milling balls were loaded into ZrO2 containers. The ball-to-powder 
mass ratio was maintained at 5:1. The mixtures were conducted in milling containers 
of a planetary ball mill operating at 50 Hz frequency, 300 rpm revolution speed and 
600 rpm rotation speed. The milling time was set at 10, 15, 20, 25, 30, and 35 hours, 
respectively.  
Crystal structure was characterized using Bruker X-ray diffractometer with CuKα 
radiation (step size of 0.02°, scan speed of 0.6 s/step, and 2θ in range from 20° to 60°). 
HRTEM image and SAED patterns were recorded using JEOL 2010F TEM. Raman 
spectra were obtained using LabRam HR800 with a green laser source (λ = 532.15 
nm). Morphology of the samples was imaged using Hitachi S-2300 SEM. The 
composition was tested using Perkin Elmer Dual-view Optima DV5300 Inductively 
coupled plasma-optical emission spectrometry (ICP-OES) with Elementar Vario 
Micro Cube. A Kratos Axis Ultra DLD XPS spectrometer with monochromatic AlKα 
(1486.69 eV) was used to study the presence and the bonding states of CZTS. The 
High resolution (HR) XPS spectra were collected in a concentric hemispherical 
analyzer in a constant energy mode with pass energy of 20 eV and a step of 0.05 eV 
for narrow scan.  
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5.3 Results and discussions 
5.3.1 Formation and structure of CZTS powder by MCP 
The XRD patterns of the starting materials of Cu, Zn, Sn, and S elements before 
mixing and ball milling are shown in Figure 5.1(a). These materials can be indexed to 
be Cu (JCPDS card no. #04-0836), Zn (JCPDS card no. #65-3358), Sn (JCPDS card 
no. #65-2631), and S (JCPDS card no. #08-0247), as expected. The XRD patterns of 
sample C1 after ball milling for different times, 10, 15, 20, 25, 30, and 35 hours 
(C1-10h, C1-15h, C1-20h, C1-25h, C1-30, and C1-35h, respectively) are shown in 
Figure 5.1(b). The test sample powder was spread on a Si substrate, and XRD peak 
positions were calibrated with Si peaks as reference. After ball milling for 10 and 15 
hours, peaks of the starting materials still existed, and the peaks could be assigned to 
Cu (JCPDS card no. #04-0836), Sn (JCPDS card no. #65-2631), Zn (JCPDS card no. 
#65-3358), and S (JCPDS card no. #08-0247). When the milling time increased to 20 
hours, peaks of Cu, Sn, and S disappeared, and three broad peaks appeared which can 
be assigned to CZTS (1 1 2), (2 2 0) and (3 1 2), with the coexistence of Zn peaks. 
This indicates that CZTS could be directly formed from elemental Cu, Zn, Sn, and S 
by the physical and chemical changes due to mechanical energy, pulverization, 









Figure 5.1 (a) XRD pattern of the starting elemental materials, Cu, Zn, Sn, and S, (b) XRD 
pattern of mixture of Cu, Zn, Sn, and S in atomic ratio of 2.0:1.0:1.0:4.0 after different ball 
milling time, 10, 15, 20, 25, 30, 35 hours, respectively. 
The results suggest that the following chemical reaction occurred after ball 
milling for 20 hours:  
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2 42Cu + Zn + Sn + 4S + Sufficient Energy Cu ZnSnS                 (5.1)  
With an increase in milling time, the XRD patterns exhibited three peaks at 2θ = 28.5°, 
47.3°, and 56.1°, which could be indexed to (1 1 2), (2 2 0), and (3 1 2) of kesterite 
CZTS (JCPDS card no. #26-0575, space group: I4 ). The peaks of elemental Cu, Zn, 
Sn, and S were no longer present in XRD pattern of sample C1-20h. From the XRD 
patterns of C1-25h, C1-30h, C1-35h, it could be seen that positions and intensity of 
the three CZTS characteristic peaks did not change obviously. The full width half 
maximum of CZTS peaks increased with the ball milling time after 25 hours of ball 
milling. The grain size was estimated using Scherrer‟s equation, Eq. (3.2). The grain 
sizes of C1-25h, C1-30h, and C1-35h were found to be 10.6, 9.2, and 8.9 nm, 
respectively, which suggests that the CZTS grains formed were pulverized finer by 
ball milling. The ball milling process produced interactions caused by frictional and 
impact forces, which released high dynamic energies, resulting in the grain size 
reduction of the samples.  
HRTEM image of sample C1-35h was shown in Figure 5.2(a). From the 
HRTEM image, the lattice spacing was found to be 0.315 nm, which corresponds to 
be to the (1 1 2) plane of CZTS. The inset of Figure 5.2(a) showed the SEAD pattern 
of C1-35h, which contained a series of diffraction rings corresponding to lattice 
spacings of 0.315, 0.194, and 0.166 nm, attributed to (1 1 2), (2 2 0), and (3 1 2) 
planes of kesterite CZTS. These results from HRTEM image and SEAD pattern were 
consistent with those from XRD. 
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Figure 5.2 (a) HRTEM image and the inset figure of the selected area electron diffraction 
pattern of sample C1-35h, (b) Raman spectra for C1-35h, and ZnS sample prepared from 
chemical bath deposition 
CZTS and ZnS had similar XRD patterns, Raman scattering was used to further 
support formation of CZTS by making use of the different vibration features of CZTS 
and ZnS, details shown in Chapter 4. Raman shift peak 520 cm
−1
 of Si was used for 
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calibration of Raman spectra. Figure 5.2(b) showed Raman spectra for C1-35h with 
the strongest peak at 329 cm
−1
, similar to the result of 336 cm
−1
 reported by Himmrich 
et al. 
[10]
, confirming that this sample was CZTS. And the red-shift of Raman peak 
indicated that grain size of CZTS using MCP was small. Raman scattering spectrum 
of ZnS sample prepared from chemical bath deposition was tested for comparison and 
shown in Figure 5.2(b), and two peaks of 262 and 343 cm
−1
 appeared, which were 
similar to 271 and 352 cm
−1
 of ZnS reported by Nilsen 
[11]
. The Raman scattering 
spectra of CZTS sample from MCP did not show ZnS peaks. The characteristic modes 






 and those of SnS2 at 315 cm
−1
 were reported 
by Pakin et al. 
[12]
. CuS and Cu2S with characteristic strong peaks of 472 and 474 
cm
−1




In this study, this 
CZTS spectrum did not show any evidence of SnS, SnS2, CuS, and Cu2S. 
 
5.3.2 Morphology and composition of CZTS powder by MCP 
The morphologies of sample C1-20, C1-25, C1-30, and C1-35h were shown in 
Figure 5.3, the particles sizes were measured to be in the ranges of 0.15-3.71, 
0.10-1.93, 0.09-1.86 and 0.07-1.44 μm, respectively, based on the measurement of 30 
particles in a randomly selected region for each sample. An increase in the milling 
time resulted in finer particles and more uniform size distribution.  
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Figure 5.3 Morphology of mixture of Cu, Zn, Sn, and S in atomic ratio of 2.0:1.0:1.0:4.0 
after different ball milling time, (a) 20 hours, (b) 25 hours, (c) 30 hours, and (d) 35 hours. 
The element compositions after ball milling for 35 hours were investigated using 
ICP. ICP result is shown in Table 5.1. It indicates S-rich in C1-35h sample. 
Table 5.1 The atomic ratio of Cu, Zn, Sn, and S in sample C1 before ball milling (calculated) 
and after ball milling for 35 hours (tested), operating condition at 50 Hz frequency, 300 rpm 
revolution speed and 600 rpm rotation speed.  
 S Cu Zn Sn S/(Cu+Zn+Sn) Cu/(Zn+Sn) 
Before ball milling (C1) 0.500 0.250 0.125 0.125 1.000 1.000 
After ball milling (C1-35h) 0.510 0.263 0.129 0.094 1.042 1.164 
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5.3.3 Chemical state of elements in CZTS powder by MCP 
 
 
Figure 5.4 The high resolution XPS spectrum of C1-35h, (a) core level spectrum for Cu2p, 
(b) core level spectrum for Zn2p, (c) core level spectrum for Sn3d, and (d) core level 
spectrum for S2p. 
XPS was employed to investigate the presence and chemical valence states of 
element constituents in the CZTS sample of C1-35h. Calibration was made for each 
sample with respect to 284.5 eV of carbon C1s. The core level spectra of Cu2p, Zn2p, 
Sn3d, and S2p regions are shown in Figure 5.4(a)-(d). Figure 5.4(a) shows the Cu2p 
HR-XPS, in which two narrow and symmetric peaks were observed at the binding 
energy (BE) values of 931.6 and 951.4 eV for Cu2p3/2 and Cu2p1/2 with a peak 
splitting of 19.8 eV, corresponding to Cu(I) state. Figure 5.4(b) shows the Zn2p 
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HR-XPS, in which the BE values of 1021.5 and 1045.6 eV for Zn2p3/2 and Zn2p1/2 
with peak splitting of 23.1 eV are observed, suggesting Zn(II). Figure 5.4(c) shows 
the BE peaks of 486.3 and 495.0 eV for Sn3d5/2 and Sn3d3/2 with a peak splitting of 
8.7 eV, attributing to Sn(IV). Figure 5.4(d) shows the BE values of 161.6 eV for 
S2p3/2 from S(II) and 168.9 eV for S2p3/2 from S(VI). The peaks are consistent with 




5.3.4 Properties of CZTS 
CZTS film was prepared by screen printing. The annealing process was 
conducted at 400°C under 1×10
‒ 2
 Torr for 1 hour. The CZTS film sample exhibited 
p-type conductivity from Seebeck experiment. The resistivity of CZTS film sample 
was 394 Ωcm. The direct optical band gap of CZTS film sample was calculated 





 at band absorption edge, suggesting that the samples were 
suitable as solar cell absorber. 
 
5.4 Conclusions 
Nanocrystalline Cu2ZnSnS4 was obtained using an environmental friendly and 
cost-effective MCP through ball milling elemental Cu, Zn, Sn, and S. In this method, 
neither polluting solvents nor expensive vacuum facilities were used. The starting 
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mixtures of Cu:Zn:Sn:S was in atomic ratio of 2.0:1.0:1.0:4.0. CTZS formation 
mechanism was investigated. The results revealed that CZTS could be directly formed 
from its constituent elements after planetary ball milling for 20 hours. The grain size 
of mixture powders decreased with increasing the ball milling time Transmission 
electron microscopy images, diffraction pattern, and Raman spectra confirmed CZTS 
formation. CZTS powder exhibited S-rich. CZTS showed p-type conductivity and 
resistivity of 394 Ωcm. The direct optical band gap of CZTS film sample was 
calculated to be 1.50 eV.   
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Chapter 6 CZTS films by screen 




After CZTS nanocrystallites were synthesized by annealing a mixture of 
nanocrystalline binary sulfides or mechanochemical process (MCP) through ball 
milling elemental materials. The CZTS film samples will be prepared by screen 
printing or other methods followed by drying and sintering. In recent years, screen 






, and CIGS 
[3]
. Although the screen printing method is successful in 
coating the above mentioned solar cell materials, it is only very recently that this 
method was used in coating CZTS films 
[4]
, parallel to our using this method to 
prepare CZTS films. Sintering at 500°C is a necessary step to remove paste chemicals 
and obtain TiO2 film by screen printing for DSSC 
[5]
. Then it is important and 
necessary to study the sintering effect of screen printed CZTS films especially that 
CZTS is sensitive to sintering 
[6]
. In this study, CZTS films by screen printing of a 
paste of nanocrystalline CZTS powder were fabricated. The influences of sintering 
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temperature on properties of CZTS films were investigated.  
 
6.2 Experimental details 
CZTS precursor paste was prepared by having CZTS powder in acetone, 
followed by adding ethyl cellulose (viscosity 5-15 mpas) ethanol solution, ethyl 
cellulose (30-60 mpas) ethanol solution, and terpineol. The above mixture in the 
container was then stirred using a magnetic stirrer under ultrasonic wave. The 
prepared uniform mixture was put in a vacuum oven evacuated by a rotary pump to 
remove the excess ethanol and acetone for obtaining the paste. In order to coat a 
CZTS film on glass substrate, a stencil with 77 T mesh and a squeegee rubber screen 
printing were used. After CZTS paste was being screen printed on glass substrate, the 
wet sample was placed on a hot plate and heated to 125°C for 15 mins to evaporate 
acetone, ethanol, and terpineol, and the screen printed wet layer turned to be a dry 
film. The sample was then loaded into quartz tube furnace with sulfur vapor. The 
samples were subjected for sintering process at different temperatures of 400, 450, 
500, and 550°C for 1 hour to remove ethyl cellulose. The quartz tube was evacuated 
by a rotary pump and maintained the pressure at 1.0×10
‒ 2
 Torr during the sintering 
process. 
The crystal structures of the CZTS film samples were characterized using the 
Bruker XRD with CuKα radiation (step size of 0.02°, scan speed of 0.6 s/step, and 2θ 
in range from 20° to 70°). The Raman spectra were obtained using LabRam HR800. 
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The optical absorbance of film samples were measured using Varian Cary 5000 
UV-Vis-NIR spectrometer. The resistivity of CZTS film samples were measured 
using a Bio-RAD HL55WIN Hall system with a van der Pauw configuration. The 
measurement was performed at room temperature. Current-voltage (I-V) curves and 
photosensitivity of CZTS film samples were measured using Keithly 2420. The light 
source used in the photoconduction measurement was the Newport 1000W Oriel
®
 
Solar Simulator at 1 sun.  
 
6.3 Results and discussions 
6.3.1 Structures of CZTS films by screen printed followed by 
sintering 
Figure 6.1 shows the XRD patterns of the CZTS initial powder and CZTS films. 
These CZTS films were obtained by screen printing and sintering at different 
temperatures of 400, 450, 500, and 550°C for 1 hour, respectively. XRD pattern of the 
synthesized powder sample exhibited three strong peaks at 2θ = 28.70°, 47.57°, and 
56.35°, which could be perfectly indexed to the (1 1 2), (2 2 0), and (3 1 2) planes of 
the kesterite Cu2ZnSnS4 (JCPDS card no. #06-0575), and other weak peaks also could 
be assigned to the Cu2ZnSnS4 crystal. XRD patterns of the film samples after 
sintering at different temperatures also presented these three intense peaks, and those 
weak peaks gradually disappeared with increasing the sintering temperature. The 
initial CZTS powder and the film samples after sintering at 400 and 450°C for 1 hour 
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showed the peaks belonging to Cu2ZnSnS4 without other compounds such as binary 
sulfides, indicating that Cu2ZnSnS4 single phase was obtained. In XRD patterns of 
film samples after sintering at a higher temperature of 500°C, extra peaks at 2θ = 
29.30°, 31.84°, 33.00°, and 48.06° appeared, which could be indexed to the (1 0 2), (1 
0 3), (0 0 6), and (1 1 0) planes of hexagonal CuS (JCPDS card no. #65-3588). This 
suggests the existence of CuS in the CZTS film. The sintering temperature of 500°C 
appeared too high for a Cu2ZnSnS4 film. These results suggest that the sintering of 
CZTS samples should be carried out at a temperature below 500°C. 
 
Figure 6.1 XRD pattern of CZTS initial power, which was synthesized by solid-state reaction 
at 450°C and XRD patterns of CZTS films prepare by screen printing and sintering at 
different temperatures of 400, 450, 500, and 550°C. 
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Figure 6.2 Raman spectra for CZTS film samples prepared by screen printing and sintering at 
400 and 450°C. 
Although CZTS peaks were identified in the XRD patterns, it should be noted that 









 Therefore, in this 
study Raman Scattering was employed to verify whether the samples after sintering at 
400 and 450 
o
C are still CZTS rather than ZnS. Raman shift peak 520 cm
−1
 of Si was 
used for calibration of Raman spectra. Figure 6.2 shows that Raman spectra for film 
samples after sintering at 400 and 450°C have a strong Raman shift at 336 cm
−1
, 
indicating that these film samples were CZTS.  
 
6.3.2 Optical and electronic properties of CZTS films 
CZTS film is a promising candidate as the absorber in solar cell due to its suitable 




. The optical band gaps of our CZTS films prepared by screen printing 
were calculated according to Tauc‟s law (see Eq. (4.3)). The plot of (αhν)2 and (hν) is 
shown in Figure 6.3. The direct optical band gap energies of CZTS films after 
sintering at different temperatures were obtained by extrapolating the linear portions 
of the plots to intersect the (hν) axis. The direct optical band gap energies of CZTS 
films were 1.39, 1.54, 1.57, and 1.60 eV for the film samples after sintering at 400, 
450, 500, and 550°C, respectively.  
 
Figure 6.3 Tauc‟s plot of (αhν)2 vs photon energy (hν) for CZTS films after sintering at 
different temperatures of 400, 450, 500, and 550°C. 
The direct optical band gap increased with increasing the sintering temperature, 
which is different from that reported by Moriya et al. 
[12]
 They interpreted that the 
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direct band gap decreased with an increase in the sintering temperature for their 
samples was due to quantum confinement effect. According to Figure 6.1, there was 
no obvious decrease of the widths of XRD peaks with the increase in sintering 
temperature. This indicates that the crystal size was not significantly changed with 
different sintering conditions. Therefore, in our case, the quantum confinement effect 
is not a dominant factor in the optical band gap change after sintering. Besides the 
quantum confinement effect, the optical band gap can be affected by carrier 
concentration following Burstein-Moss theory 
[13]
. Burstein-Moss effect is the process 
by which the optical band gap of a semiconductor is increased because the absorption 
edge is pushed to higher energies due to the carrier concentration increment. When 
Burstein-Moss effect is dominant, the optical band gap should increase with the 
increase of carrier concentration. It will be shown later in the following that the 
carrier concentration does increase with sintering temperature for our samples, 
suggesting that the observed optical band gap increase with sintering temperature is 
due to Burstein-Moss effect. At high sintering temperatures of 500 and 550°C, CuS 
phase appeared in CZTS samples. The band gap energy of CuS thin films on glass 
was 2.2 eV reported by Nascu et al. 
[14]
 The optical band gaps of these samples might 
also be affected by the existence of CuS in these samples. The absorption coefficients 




 at band absorption edge, suggesting that the 
samples were suitable as solar cell absorber. 
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Figure 6.4 Resistivity of CZTS films obtained after sintering at different temperatures of 400, 
450, 500, and 550°C. 
The electronic properties of CZTS film samples were tested using Hall Effect 
measurement with a van der Pauw configuration at room temperature. All film 
samples exhibited p-type conductivity, as determined from Seebeck measurement. 
The resistivity of CZTS film samples are shown in Figure 6.4. The resistivity 
decreased from 830, 158, 44, to 6 Ωcm was observed for the film samples with the 
increase in sintering temperature. These values of resistivity are similar to the 
resistivity of 2×10
2
 Ωcm for CZTS prepared by Nakayama et al. [15], and larger than 
0.02-0.47 Ωcm for CZTS obtained by Pamplin et al. [16] and Seol et al. [17] 
To test the electronic properties of CZTS films, Ag/CZTS contacts were prepared. 
Generally, researchers put and press soft indium particles on a sample to form 
In/CZTS contact for electrical measurement. The In/CZTS contact is an Ohmic 
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contact, as reported in literature and also as observed from our experiment. However, 
the melting temperature of indium (157°C) is too low to be useful as a contact metal 
in a device that needs to go though elevated temperature processing steps. On the 
other hand, Ag is the most conductive metal and has a high melting temperature of 
962°C, and will be suitable to serve as a contact metal in a device. However, it is not 
clear whether such a contact is Schottky or Ohmic. If it is an Ohmic contact, Ag can 
then be used as a contact metal in a CZTS device that will go through elevated 
temperature processing steps. In this study, Ag/CZTS contact was prepared and its I-V 
curve shown in the upper right inset of Figure 6.5. The linear and symmetric I-V 
curve indicates that the Ag/CZTS contact is an Ohmic contact.  
 
6.3.3 Photosensitivity property of CZTS films after sintering 
The photosensitivities of CZTS films were investigated. I-V curves of the 
samples were obtained in dark and under 1 sun illumination. The light was from a 
solar simulator source (100 mW/cm
2
 with an air mass (AM) 1.5 spectrum). As can be 
seen, the gradient of the I-V curve under illumination is greater than that of the I-V 
curve under dark condition (see the upper right inset of Figure 6.5). This shows the 
conductivity of the CZTS sample increased under illumination resulted by 
photon-induced carriers.  
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Figure 6.5 The photosensitivity (Gi−Gd)/Gd of CZTS film samples obtained by screen 
printing and sintering at different temperatures of 400, 450, 500, and 550°C, where Gi and Gd 
are the conductance of a CZTS film sample after and before turning on the illumination of 
100 mW/cm
2
 density of a solar simulator. The upper right inset shows I−V curve of a sample 
with Ag/CZTS electrical contacts in the dark and under illumination, where CZTS film 
obtained by screen printing and sintering at 450°C. Solid line represents I-V curve under 
illumination; dash line represents I-V curve in dark. 
To compare photoconductivity of these samples, the photosensitivity was defined 
by (Gi‒ Gd)/Gd, where Gi and Gd are the conductances after and before turning on the 
solar simulator illumination. Figure 6.5 shows (Gi‒ Gd)/Gd of CZTS films as a 
function of sintering temperature. The photosensitivity (Gi‒ Gd)/Gd initially increased 
and then decreased with the increase in sintering temperature. The sample sintered at 
450°C has the highest photosensitivity. The decrease in photosensitivity after sintering 
at 500 and 550°C may be caused by the formation of recombination centers due to the 
aggregation of CuS in CZTS films. The CZTS film after sintering at 450°C had a 
Chapter 6 CZTS films by screen printing followed sintering and properties 
128 
higher photosensitivity, (Gi‒ Gd)/Gd = 14%, than those films after sintering at other 
temperatures. Moriya et al. 
[18]
 reported (Gi‒ Gd)/Gd = 3.8% of CZTS film by 




 (150 W 
non-monochromated Hg-Xe lamp focused with a 10 mm diameter on CZTS sample). 
A higher photosensitivity of CZTS film was obtained in this study. 
 
6.4 Conclusions 
Cu2ZnSnS4 films were prepared by a screen printing followed drying at 125°C 
for 15 mins and sintering for 1 hour under 1.0×10
‒ 2
 Torr. X-ray diffraction showed 
pure kesterite CZTS phase in samples after sintering at 400 and 450°C, but hexagonal 
CuS phase aggregated after sintering at 500°C and higher. Optical band gap and 
resistivity were found to vary with sintering temperature, and CZTS film sintering at 
450°C appeared better and exhibited an optical band gap 1.54 eV and resistivity of 
158 Ω·cm. The photosensitivity (Gi−Gd)/Gd of the CZTS film sintered at 450°C 
exhibited 14%, higher than other CZTS film samples. In addition, Ag/CZTS contact 
was found to be an Ohmic contact.  
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7.1 Conclusion 
CZTS is a promising absorber in solar cells. It has been reported that the 
constraints on forming stoichiometric CZTS are very strict. Even though CZTS has 
been prepared by using various physical vacuum methods and solution-based methods, 
expensive high vacuum technology and high annealing temperatures (above 500°C) 
are used in physical vacuum methods and secondary phases present in CZTS prepared 
by the solution-based methods. From the economic and environmental respects, 
simple and low-cost methods are preferable to prepare single phase CZTS.  
The dissertation explored two simple and cost-effective methods, solid-state 
reaction of nanocrystalline binary sulfides and MCP through ball milling of elemental 
materials to prepare single phase CZTS. A systematic study of structural, optical, and 
electronic properties of CTZS through various techniques has been done. A 
photovoltaic device based on CZTS/TiO2 was fabricated to demonstrate its 
photovoltaic behavior. The major results are summarized as follows: 
CZTS-related materials, nanocrystalline CuS, ZnS, and SnS, as CZTS precursors 
were successfully prepared by chemical bath deposition. SnS were investigated in 
more details due to its potential as an absorber in a solar cell. Different from literature, 
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polycrystalline SnS with nanowall morphology was prepared. It was found that the 
enlargement of band gap with the increase of film thickness <500 nm can be 
attributed to larger compression effects. A slight decrease of band gap with a further 
increase of film thickness >500 nm may be attributed to an increase in particle size 
and decrease in strain and dislocation density. SnS film had electronic activation 
energy of 0.22 eV and p-type conduction due to Sn vacancies. A solar cell of 
SnS/TiO2 was fabricated and exhibited photovoltaic behavior, the cell presented a 
conversion efficiency of 0.10%.  
Single phase CZTS was successfully synthesized by a simple and cost-effective 
method, solid-state reaction from annealing the mixture of nanocrystalline binary 
sulfides. It was found that CZTS could be starting to form at temperature even as low 
as 300°C. This annealing temperature in our method is significantly lower than other 
methods reported in literature possibly attributing to the high entropy of precursor 
nanocrystallites. The influence of annealing temperature on properties of CZTS was 
investigated. Single phase CZTS prepared at 450°C had the best crystallinity. 
However, when the temperature increased to 500°C, Cu2S aggregated in CZTS 
sample. The CZTS sample obtained after annealing at 450°C exhibited a direct optical 
band gap of 1.47eV, p-type conduction, and a resistivity of 1.06 Ωcm. A photovoltaic 
structure based CZTS/TiO2 exhibited photovoltaic behavior, which has an open circuit 
voltage of 631 mV, a current density of 0.71 mA/cm
2
, and the conversion efficiency of 
0.29% under illumination of 100 mW/cm
2
. This cell showed the possibility of low 
cost solar cell in this study. 
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CZTS was also successfully prepared by an environmental friendly and 
cost-effective method, MCP through ball milling elemental Cu, Zn, Sn, and S. In this 
method, neither polluting chemicals nor expensive vacuum facilities were used. The 
starting mixture of Cu:Zn:Sn:S was in atomic ratio of 2.0:1.0:1.0:4.0. It was found 
that CZTS nanocrystallite was directly formed after ball milling the mixture for 20 
hours. The grain size of CZTS decreased with the increase of ball milling time. The 
nanocrystalline CZTS powder exhibited p-type conductivity, resistivity of 394 Ωcm, 
and direct optical band gap of 1.50 eV.  
CZTS films were prepared by a screen printing followed by drying at 125°C for 
15 mins and sintering for 1 hour under 1.0×10
‒ 2
 Torr. Before our work, no one 
reported using this method to prepared CZTS thin films. The influences of sintering 
temperatures on structure and properties of CZTS films were investigated. Pure 
kesterite CZTS phase was shown in films after sintering at 400 and 450°C, and 
hexagonal CuS phase aggregated after sintering at 500°C and higher temperatures. 
Optical band gap and resistivity of the films were found varying with sintering 
temperature. CZTS film sintering at 450°C appeared better and exhibited an optical 
band gap of 1.54 eV, resistivity of 158 Ω·cm and photosensitivity (Gi−Gd)/Gd of 14%, 
higher than that of others.  
The systematic experiments, study and discussion of the properties and 
performance of the CZTS and related devices in this work have deepened the 
understanding and opened some new application. 
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7.2 Future direction 
This thesis presents several original studies on CZTS and its related materials. In 
this work, CZTS, its related materials, and photovoltaic devices were achieved by 
simple and cost-effective methods. However, more systematic study on the properties 
of CTZS is still needed, and an optimization of the photovoltaic device of CZTS/TiO2 
and further study is another topic. Based on the current results and understanding, the 
following points are typically raised for future study: 
(1) Recently, three dimension (3D) solar cells comprised of interpenetrating 
network of n-type and p-type semiconductors on nanometer scale. TiO2/CIS 
nanocomposites solar cell fabricated by Nanu et al. 
[1]
 showed photovoltaic 
activity with fill factor of 0.80 and energy conversion efficiency of 4%. Even 
though CZTS/TiO2 exhibited with a low energy conversion efficiency of 
0.29%, it is possible for optimized CZTS/TiO2 nanocomposites solar cell to 
obtain higher efficiency.  
(2) Cu2ZnSn(S,Se)4, (CZTSSe), system has been attracting attention due to its 
ability to tune the direct band gap, by varying the S:Se atomic ratio. The band 
gap can be tuned from ~1 eV for copper zinc tin selenide (CZTSe) to ~1.5 eV 
for the CZTS. The CZTSSe solar cell up to a maximal efficiency of 10.1% 
has been fabricated 
[2]
. In the future, I suggest that CZTS can be annealed in 
Se vapor to investigate the effect of Se on its properties. 
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